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Impaired social cognition is a common component of many neurodevelopmental conditions. 
These impairments impair quality of life. However, the factors shaping social development 
and accompanying neural circuitry are not well understood.  
The brain regions that contribute to social cognition are called the “social brain”. The 
orbitofrontal cortex is one of the brain regions that constitute the “social brain”. Damage to 
the orbitofrontal cortex causes profound deficits in social cognition, including disinhibition 
and aggression. Dysfunctional circuitry in the orbitofrontal cortex may contribute to impaired 
social cognition in neurodevelopmental disorders. However, the role played by neuronal 
circuitry in the orbitofrontal cortex to social cognition is unclear.  
I sought to examine the role of excitatory circuitry within the orbitofrontal cortex in social 
cognition. I first explored the contribution of excitatory circuitry in the orbitofrontal cortex to 
impaired social behaviour in Nrxn1α KO mice. These mice carry a genetic microdeletion that 
is a risk factor for multiple neurodevelopmental disorders, including autism and 
schizophrenia. Previous experiments have demonstrated that these mice display impaired 
social behaviour. I found that impaired social behaviour in Nrxn1α KO mice was 
accompanied by a reduction in short-term facilitation of pyramidal synapses. 
The second aim of my thesis was to investigate the role of sensory experience in shaping the 
development of social cognition and accompanying “social brain” circuitry. This was 
achieved by depriving rodents of whisker input during a sensitive period of social 
development. I found that a short period of whisker deprivation led to long-lasting changes in 
rodent play behaviour. However, this was not accompanied by changes in excitatory circuitry 
in the orbitofrontal cortex. 
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1.1 An introduction to social cognition 
1.1.1 What is social cognition? 
Social interaction is a vital aspect of our everyday lives. The ability to interact successfully 
with others is crucial to our mental and physical wellbeing. Positive social interaction is 
rewarding and increases wellbeing (Pinquart & Sörensen, 2000). In contrast, the absence of 
positive social interaction has a highly detrimental effect on mental and physical health 
(Eisenberger & Cole, 2012; Holt-Lunstad, Smith, & Layton, 2010).  
As a result, we possess cognitive processes dedicated to the encoding, storage and decoding 
of social information. These processes are called “social cognition”.  These cognitive 
processes enable us to interpret the intentions, actions, and feelings of others, understand our 
own feelings, and select appropriate responses during social interaction.  
Many different psychological processes have been recognised as contributing to social 
cognition. However, a definitive classification of the structure and domains of social 
cognition has not been achieved (Happé, Cook, & Bird, 2017). There is little consensus with 
regards to what constitute the core domains of social cognition. The National Institute of 
Mental Health’s research domain criteria identify four core domains of social cognition 
which include: affiliation/attachment, social communication, perception and understanding of 
the self, and perception and understanding of others. Beer & Ochsner (2006) divide social 
cognition into knowledge of the actions and intentions of others, knowledge of our own 
emotional states, and knowledge of the declarative or procedural social “rules” concepts that 
guide our responses during social interactions (Beer & Ochsner, 2006). In contrast, Henry et 
al (2015) separates social cognition into the four domains of affective empathy, interpreting 
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the intentions of others, social perception, and performing “appropriate” social behaviour. 
Other classifications of social cognition have also been proposed (Green et al., 2008; Happé 
& Frith, 2014; Pinkham et al., 2014).  
The lack of agreement over the core cognitive processes underlying social cognition reflects 
both an absence of understanding of the inter-relatedness and inter-dependence of different 
social cognitive domains, as well as lack of consensus over use of terminology and 
definitions (Happé et al., 2017). However, whilst it is still unclear to what extent different 
socio-cognitive rely on overlapping or distinct mechanisms, a number of processes have been 
identified as contributing to social cognition. These are described below. 
1.1.1.1 Social attention 
Social attention refers to the attention paid to social stimuli through endogenous or 
exogenous attention. Multiple studies indicate that social stimuli such as faces preferentially 
capture attention, and are processed more rapidly, relative to non-social stimuli or scrambled 
social stimuli (Johnson, Dziurawiec, Ellis, & Morton, 1991a; Purcell & Stewart, 1988; Shah, 
Happé, Sowden, Cook, & Bird, 2015). A second facet of social attention is “joint attention”. 
This refers to the shared focus of attention with another individual onto another stimulus by 
means of social gestures, such as pointing, or eye gaze (Scaife & Bruner, 1975; Mundy & 
Newell, 2007). 
1.1.1.2 Social motivation and reward 
Social motivation is defined as the set of mechanisms that cause us seek out, and interact with 
others, to find interaction rewarding, and to maintain social bonds (Chevallier, Kohls, 
Troiani, Brodkin, et al., 2012). Social interaction with conspecifics is usually rewarding; 
individuals will exert effort to acquire social rewards (Hayden, Parikh, Deaner, & Platt, 
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2007). The rewarding nature of social interaction is thought to promote affiliation and 
attachment to conspecifics. 
1.1.1.3 Recognition of conspecifics 
Recognition of other social agents relies of perceptual processing of the sensory features of 
social stimuli. In humans, recognition of faces is a key component of recognition of 
conspecifics (Little, Jones, & DeBruine, 2011). However, other sensory features, such as 
vocal tone and prosody, also contribute to recognition of conspecifics (Lass, Hughes, 
Bowyer, Waters, & Bourne, 1976; Papcun, Kreiman, & Davis, 1989). 
1.1.1.4 Emotion recognition 
Social interaction requires the ability to recognise and make inferences about other people’s 
feelings and emotional states. This is achieved by recognising and interpreting sensory cues 
that carry social meaning. For example, facial expressions are an important source of 
information about the emotional states of others. Six basic emotions (happiness, disgust, 
anger, fear, sadness and surprise) have been recognised on the basis of facial expressions 
(Ekman & Oster, 1979; Ekman, 1992), although we are also capable of detecting more subtle 
emotional states, such as desire, or determination from facial expressions (Baron-Cohen, 
Wheelwright, Hill, Raste, & Plumb, 2001). In addition, other sensory cues also guide 
perception of emotional states. This includes cues such as body posture and motion, auditory 
tone, and verbal communication (Clarke, Bradshaw, Field, Hampson, & Rose, 2005; 
Coulson, 2004; Scherer, Banse, Wallbott, & Goldbeck, 1991). 
1.1.1.5 Empathy 
Empathy is the ability to recognise and share the emotional state of another social agent. This 
has been further divided into “cognitive” empathy and “affective” empathy (Shamay-Tsoory, 
21 
 
Aharon-Peretz, & Perry, 2009). “Cognitive” empathy is defined as the ability to understand 
and take the perspective of another social agent. In contrast, “affective” empathy refers to the 
ability to feel the same emotions as a social agent, which is based on emotional contagion. 
1.1.1.6 Action understanding and imitation of social agents 
These are the processes that enable us to recognise the action performed by a social agent, 
and to reproduce this action ourselves. Imitation is an important component of social 
interaction. During social interactions, we tend to non-consciously reproduce the gestures, 
mannerisms, and behaviours of others (Chartrand & Bargh, 1999). This is called “mirroring”. 
Imitation is thought to be an important for promoting affiliation; we tend to like those who 
behave similarly to us, and we tend to unconsciously imitate social agents when we like them 
more (Chartrand & Bargh, 1999). Perception and recognition of the actions performed by 
social agents is a precursor to reproducing the same behaviours.  
1.1.1.7 Attributing mental states 
“Mentalising” or “Theory of Mind” is the ability to attribute mental states to others and to 
infer the emotions, thoughts and intentions of others (Wimmer, 1983). This requires the 
ability to differentiate between one’s own thoughts, beliefs and feelings, and those of other 
social agents (the self/other distinction). 
1.1.1.8 Knowledge of social rules and concepts 
Successful social interaction also relies on the learning, storage and retrieval of social rules, 
normal and concepts that guide social situations. This requires recognition of social contexts, 
flexible retrieval and application of social rules that are appropriate to the context, and 
knowledge of the consequences of social behaviour. These rules and norms are often 
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specified by culture and must be learnt through social experience (Moll, Zahn, de Oliveira-
Souza, Krueger, & Grafman, 2005). 
1.1.1.9 Self-regulation of emotions and social behaviour 
This is the ability to select, initiate and control social behaviours according to the social 
environment (Bachevalier & Loveland, 2006). Recognition and interpretation of one’s own 
emotional states is likely to be required as a precursor to controlling emotional states. In 
addition, “social referencing”, the tendency to use the reactions of other social agents as an 
indicator of how to behave, is also a component of the self-regulation of social behaviour 
(Walden & Ogan, 1988). 
1.1.2 The relationship between social and non-social cognition 
The structure of the cognitive processes involved in social cognition remains largely 
undefined. It is still unclear what constitute the “core” latent cognitive processes underlying 
different aspects of social behaviour. In addition, it is unclear how different facets of social 
cognition relate to one another, or to other, non-social cognitive processes (Happé et al., 
2017).  
One area that has been particularly debated is the question of whether social cognition relies 
on domain-specific, modular processes, or domain-general processes that are also invoked 
during non-social cognition. A number of researchers have argued that evolutionary pressures 
have led to the development of domain-specific processes for social cognition (Adolphs, 
2006; Brothers, 1996). According to this theory, living in social groups has promoted the 
evolution of domain-specific social learning mechanisms. The idea that social stimuli are 
“special” and undergo specialised processing is supported by findings that we preferentially 
attend to and process social stimuli relative to non-social stimuli (Fletcher-Watson, Findlay, 
Leekam, & Benson, 2008; Purcell & Stewart, 1988; Shah et al., 2015; Tomalski, Csibra, & 
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Johnson, 2009). Other evidence for a separation of social and non-social cognitive processes 
can be found in functional magnetic resonance imaging (fMRI) studies investigating 
hierarchical learning. Such studies have identified brain regions in which variations in blood-
oxygen-level dependent (BOLD) activity and grey matter specifically predict learning of 
social, as opposed to non-social, hierarchies (Kumaran, Banino, Blundell, Hassabis, & 
Dayan, 2016; Kumaran, Melo, & Duzel, 2012). 
Others have disputed this claim. For example, Heyes (2012a) argued that all learning, 
including social learning, relies on the same basic associative learning mechanisms. The 
notion that the same processes underlie social and non-social learning is supported by 
correlations between the rate of learning in social and non-social tasks across species 
(Boogert, Giraldeau, & Lefebvre, 2008; Reader & Laland, 2002). The proposal that there is 
an innate “social” module responsible for our ability to imitate conspecifics has also been 
refuted by evidence demonstrating that domain general associative learning mechanisms are 
responsible for imitation (Anisfeld, 1979; Cook, Press, Dickinson, & Heyes, 2010; Jones, 
2009; Ray & Heyes, 2011). 
The notion that there are domain-specific social cognitive processes receives some support 
from functional magnetic resonance (fMRI) studies. Certain brain regions appear to be 
preferentially involved in processing social stimuli. For example, a region of the fusiform 
gyrus (the “fusiform face area”) is preferentially activated during the viewing of faces 
relative to scrambled or inverted faces, or other face-like stimuli (Kanwisher, McDermott, & 
Chun, 1997). A portion within the superior temporal sulcus appears specialised for the 
viewing of biological motion (Saygin, 2007). Moreover, distinct neural structures were 
associated with learning in a social learning task compared to a non-social reward learning 
task (Behrens, Hunt, Woolrich, & Rushworth, 2008).  
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However, the extent to which these neural structures are truly specialised for performing 
social computations is contended. Studies indicate that the fusiform face area can become 
activated by stimuli with which we have “expertise”, or by made-up stimuli after training 
(Gauthier, Skudlarski, Gore, & Anderson, 2000; Gauthier, Tarr, Anderson, Skudlarski, & 
Gore, 1999). In addition, it has been argued that similar computational mechanisms may be 
involved in social and non-social cognition despite the use of distinct brain structures 
(Behrens et al., 2008). Beer & Ochsner (2006) argued that the neural processes involved in 
social cognition are likely to be, for the most part, domain-general, on the basis that the brain 
structures and neural computations required for social cognition do not appear specific to 
social cognition.  
In sum, the relationship between social and non-social cognition remains unclear. Some 
evidence at the neuropsychological level supports the notion of a dissociation between social 
and non-social cognitive processes (Pellicano, 2007). However, double dissociations are 
scarce, and when reported, are complicated by the fact that there may be sub-threshold 
impairments. Moreover, when they are observed in developing children, it is unclear whether 
“spared” domains are truly spared, or whether compensatory mechanisms have arisen as a 
result of atypical development (Karmiloff-Smith, 2009; Karmiloff-Smith, Scerif, & Ansari, 
2003a). 
1.1.3 Social cognition in psychiatric and neurological disorders 
Impairments in social cognition are observed across many neurological and psychiatric 
conditions (Henry, von Hippel, Molenberghs, Lee, & Sachdev, 2015). Altered social 
behaviour is a common feature in neurological disorders, such as traumatic brain injury, brain 
tumours, stroke, and neurodegenerative disorders. In these cases, abnormal social behaviour 
frequently manifests as heightened aggression and emotional reactivity, lack of understanding 
of social situations and “inappropriate” behaviour, and reduced empathy.  
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Impaired social cognition is particularly prevalent in conditions that arise during 
development. This includes neurodevelopmental disorders with a genetic component, as well 
as childhood traumatic brain injury (Anderson, Damasio, Tranel, & Damasio, 2000; 
Korkmaz, 2011; Mateer & Williams, 1991). The prevalence of social impairments in 
neurodevelopmental disorders suggests that social cognition is highly vulnerable to disruption 
during development, and highlights the need to understand how the brain supports social 
cognitive development.  
Whilst altered social behaviour is observed across numerous developmental disorders, this is 
characterised by a great degree of heterogeneity of symptoms. Indeed, the facets of social 
cognition that are affected can vary both within and across conditions. A description of 
neurodevelopmental disorders that commonly carry a socio-cognitive impairment is 
presented below. 
1.1.3.1 Autism spectrum disorders 
Autism spectrum disorder consists of a range of neurodevelopmental disorders characterised 
by the presence of altered social behaviours, impaired language and communication, and 
restricted interests with repetitive, stereotyped behaviours (Diagnostic and Statistical Manual 
of Mental Disorders (DSM-V), American Psychiatric Association, 2013). In addition, the 
diagnosis is often comorbid with other conditions such as epilepsy, intellectual disability, 
anxiety, tics, sleep disorders, attention deficit hyperactivity disorder, and gastrointestinal 
problems. The label of autism spectrum disorders as defined by the most recent edition of the 
DSM encompasses the previous diagnoses of autism, Asperger syndrome, pervasive 
developmental disorder not otherwise specified (PDD-NOS) and childhood disintegrative 
disorder (American Psychiatric Association, 2013). Autism spectrum disorders affect 
approximately 1% of children in the UK, and 1 in 68 children in the US (Baird et al., 2006). 
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Autism spectrum disorders possess a strong genetic component, with heritability estimates 
ranging between 38 % and 90 % (Bailey et al., 1995; Folstein & Rosen-Sheidley, 2001; 
Hallmayer et al., 2011; Ronald & Hoekstra, 2011; Sandin et al., 2014). The genetic aetiology 
of autism spectrum disorders is complex, with both common, small-effect variants and rarer, 
larger-effect copy number variants contributing to aetiology (Geschwind & Flint, 2015; 
Manolio et al., 2009a). Syndromic autism spectrum disorders are conditions caused by a 
known genetic abnormality, such as Fragile X syndrome, tuberous sclerosis, Prader-Willi 
syndrome, Angelman syndrome and Rett syndrome (Sztainberg & Zoghbi, 2016). These 
make up approximately 5% of autism spectrum disorder cases (Betancur, 2011). 
The symptoms of autism spectrum disorders are heterogeneous and vary across individuals. 
Whilst abnormal social behaviour is a core diagnostic feature of autism spectrum disorders, 
this can manifest in different ways. Whilst certain individuals display avoidance or lack of 
interest in engaging in social interaction, other individuals demonstrate a heightened and 
persistent interest in social interaction coupled with “odd” behaviours (Wing & Gould, 1979). 
Studies that have further investigated the nature of altered social behaviour in autism 
spectrum disorders have revealed a range of impairments across multiple facets of socio-
cognitive behaviour, including deficits in making and maintaining eye contact, joint attention, 
social motivation, pretend play, moral and social judgements, imitation, emotion recognition, 
and in inferring other people’s mental states (Ashwin, Chapman, Colle, & Baron-Cohen, 
2006; Baron-Cohen, Jolliffe, Mortimore, & Robertson, 1997; Baron-Cohen, Leslie, & Frith, 
1985; Charman et al., 1997; Golan, Baron-Cohen, Hill, & Rutherford, 2007; Happé, 1994; 
Jarrold, 2003; Moran et al., 2011). In addition, there is a high degree of variability in social 
symptoms across individuals. 
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One of the most consistently observed impairments in individuals with autism spectrum 
disorders is impaired theory of mind (Baron-Cohen et al., 1985). Children with autism 
spectrum disorders typically fail tests of theory of mind. Moreover, children who are able to 
pass theory of mind tasks pass at a later age than typically developing children. High 
functioning autistic individuals are able to pass simpler tests, but often display deficits with 
more complicated second-order or third-order theory of mind tests (Baron-Cohen, O’Riordan, 
Stone, Jones, & Plaisted, 1999; Happé, 1994). In addition, even in high-functioning adults 
with Asperger’s syndrome who are capable of passing more complex theory of mind tasks, 
changes in strategy are observed (Senju, Southgate, White, & Frith, 2009).  
Numerous theories have been proposed to account for social symptoms in autism spectrum 
disorders. One theory suggests that autism spectrum disorders are characterised by a deficit in 
social motivation, on the basis that autistic individuals display reduced attention to social 
stimuli and reduced motivation for social interaction (Chevallier et al., 2012). However, this 
is not seen in all individuals with autism spectrum disorders. Indeed, some individuals 
display persistent attempts to engage in social interaction, but fail to interact successfully 
with others (Wing & Gould, 1979). A separate theory proposes that social symptoms in 
autism spectrum disorders result from a deficit in a shared mechanism responsible for 
imitation, empathy, and theory of mind (Rogers & Pennington, 1991). However, multiple 
studies have called into question the notion that individuals with autism possess impaired 
empathy or imitative skills (Bird, Leighton, Press, & Heyes, 2007; Cook & Bird, 2012; 
Sowden, Koehne, Catmur, Dziobek, & Bird, 2016). 
1.1.3.2 William’s syndrome 
William’s syndrome is a neurodevelopmental syndrome caused by a large deletion in the long 
arm of chromosome 7. Individuals with William’s syndrome display symptoms across 
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physical and mental domains. This includes symptoms such as unusual facial features, heart 
defects, gastrointestinal problems, overactive muscle reflexes, anxiety, language delays, 
intellectual disability, and social symptoms (Martens, Wilson, & Reutens, 2008). 
Individuals with William’s syndrome display an unusual social phenotype. Initially, social 
cognition was thought to be intact in children with William’s syndrome, despite pronounced 
intellectual impairments. Indeed, unlike children with autism spectrum disorders, children 
with William’s syndrome show great interest in social stimuli (Riby & Hancock, 2009). 
However, more recent studies have demonstrated that their social behaviours are also altered. 
Children with William’s syndrome display overly disinhibited social behaviour, with an 
exaggerated tendency to approach others, and without awareness of potential danger (Doyle, 
Bellugi, Korenberg, & Graham, 2004; Jones et al., 2000). This may be driven by reduced 
ability to recognise aversive social cues. Individuals with William’s syndrome display 
selective deficits in the ability to recognise negative facial expressions such as anger or 
sadness (Gagliardi et al., 2003; Plesa-Skwerer, Faja, Schofield, Verbalis, & Tager-Flusberg, 
2006). In addition, some individuals with William’s syndrome display impulsivity, 
aggressive behaviours, and disobedience (Einfeld, Tonge, & Florio, 1997; Einfeld, Tonge, & 
Rees, 2001; Udwin & Yule, 1991). 
1.1.3.3 Schizophrenia 
Schizophrenia is a neurodevelopmental condition that is characterised by the presence of 
positive symptoms (hallucinations, delusions), negative symptoms (apathy, anhedonia, and 
social withdrawal (DSM-V, American Psychiatric Association, 2013). Schizophrenia affects 
0.7% of the population worldwide and usually emerges in late adolescence (McGrath, Saha, 
Chant, & Welham, 2008). Heritability studies indicate that schizophrenia is highly heritable, 
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with heritability estimates of around 80% (Sullivan, Kendler, & Neale, 2003). Like autism 
spectrum disorders, schizophrenia possesses a complex genetic aetiology. 
In addition to positive and negative symptoms, individuals with schizophrenia also display 
prominent deficits in social and non-social cognition, which precede the first episode of 
psychosis (Couture, Penn, & Roberts, 2006; Gold & Harvey, 1993; Green, 1996; Green, 
Kern, & Heaton, 2004a; Mohamed, Paulsen, O’Leary, Arndt, & Andreasen, 1999; Penn, 
Corrigan, Bentall, Racenstein, & Newman, 1997). Deficits are particularly apparent in the 
abilities that enable us to infer other people’s feelings and mental states. This includes 
deficits in the ability to correctly judge facial expressions and recognise emotions, and in 
theory of mind (Brune, 2005; Frith & Corcoran, 1996). In addition, individuals with 
schizophrenia display heightened aggression (Hoptman et al., 2010). 
1.1.3.4 Turner’s syndrome 
Turner’s syndrome is a genetic condition affecting females which is caused by the total or 
partial absence of the X chromosome (Ford, Jones, Polani, De Almeida, & Briggs, 1959). 
Individuals with Turner’s syndrome display difficulties in spatial reasoning and mathematics. 
In addition, individuals with Turner’s syndrome often display abnormal social cognition. This 
is characterised by difficulty with emotion recognition and gaze perception (Burnett, Reutens, 
& Wood, 2010; McCauley, Kay, Ito, & Treder, 1987). 
1.1.3.5 Summary 
Deficits in social cognition are apparent across numerous neurodevelopmental disorders, 
including autism spectrum disorders, schizophrenia, William’s syndrome, Turner’s 
syndrome, as well as in cases of syndromic autism spectrum disorders (e.g. Angelman 
syndrome, Prader-Willi syndrome, tuberous sclerosis, Fragile X syndrome and Rett’s 
syndrome). In these conditions, impairments can occur across multiple facets of social 
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cognition. There are differences between the social phenotypes displayed across individuals 
with distinct neurodevelopmental conditions. For example, individuals with William’s 
syndrome display hypersociability, whilst individuals with autism spectrum disorders often 
display reduced sociability (Chevallier et al., 2012; Jones et al., 2000) However, the social 
cognitive impairments seen across neurodevelopmental disorders also display many common 
features. For instance, deficits in the ability to recognise emotions from social cues and to 
understand social situations are present across many conditions (Ashwin et al., 2006; Brune, 
2005; Gagliardi et al., 2003; Plesa-Skwerer et al., 2006). Deficits in theory of mind are also 
seen across multiple conditions, including both autism spectrum disorders and schizophrenia 
(Baron-Cohen et al., 1985; Frith & Corcoran, 1996a). Finally, lack of emotional regulation, 
disinhibition, and aggression can feature in many conditions (Einfeld et al., 1997; Hoptman et 
al., 2010; Udwin & Yule, 1991). This similarity of symptoms has led to a greater focus on 
studying symptom clusters at the level of neural circuitry, rather than studying neural circuit 
disruption in each condition separately (Insel & Cuthbert, 2015). 
1.2 Social cognitive development  
1.2.1 Social cognitive development in typically-developing children 
There has been much interest in studying the trajectory of social cognitive development. This 
is partially driven by the fact that many neuro-genetic developmental disorders present with 
altered social cognition (Happé & Frith, 2014). A particular issue of interest has been to what 
extent social cognitive abilities are innately determined or learnt via experience, as this has 
different implications for our understanding of neurodevelopmental disorders. There is 
evidence to support a role for both innate and experience-driven mechanisms in social 
development. In addition, studies indicate that social cognition develops slowly. While 
sensory and motor abilities are mainly assimilated during early infancy, social cognition 
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exhibits a protracted period of development which extends throughout childhood and 
adolescence (Choudhury, Blakemore, & Charman, 2006). This protracted development may 
explain why social cognition is vulnerable to disruption during development. The trajectory 
of social cognitive development is described briefly below.  
Evidence suggests that certain facets of social cognition develop very rapidly in early 
infancy, and may even be present from birth. Elements of social cognition can be observed 
even in neonates. For example, newborns already display a preference for looking at social 
stimuli, such as face-like stimuli (Johnson et al., 1991a; Valenza, Simion, Cassia, & Umiltà, 
1996) and eye gaze (Batki, Baron-Cohen, Wheelwright, Connellan, & Ahluwalia, 2000). In 
addition, neonates attend preferentially to biological motion (Simion, Regolin, & Bulf, 2008), 
as well as to their mother’s face (Pascalis, de Schonen, Morton, Deruelle, & Fabre-Grenet, 
1995; Walton, Bower, & Bower, 1992). Finally, some evidence suggests that newborns are 
capable of imitating social agents (Meltzoff & Moore, 1977; Andrew N. Meltzoff & Moore, 
1983). However, whether or not neonates are capable of true imitation has been highly 
debated, with numerous studies reporting non-replication, or finding that imitation in 
newborns is specific to tongue protrusion (Anisfeld, 1996; Anisfeld et al., 2001; Hayes & 
Watson, 1981). 
Attention to social stimuli and to the structure of social interaction continues to be refined in 
the first year of life. Young infants display basic recognition of the reciprocity of social 
interaction, showing distress when this reciprocity is broken (Gusella, Muir, & Tronick, 
1988). Infants also begin to show sensitivity to “social cues” that indicate intent or carry 
social meaning, such as eye gaze and facial expressions. For example, infants display 
preference for listening to someone calling their own name (Mandel, Jusczyk, & Pisoni, 
1995). At 4 months, infants are able to process gaze direction, and discriminate between 
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open/closed eyes and direct/averted gaze (Vecera & Johnson, 1995). Finally, infants also 
begin to display recognition of the valence of social stimuli; electroencephalogram 
electrophysiological event-related potential recordings indicate that 7-9 month old infants are 
able to discriminate between sad versus neutral facial expressions (Leppänen, Moulson, 
Vogel-Farley, & Nelson, 2007).   
Across the first and second year of life, infants continue to develop awareness of the 
reciprocity of social behaviour and of the mental states of others. 9-12 month old infants 
begin to use social gestures such as pointing to direct the attention of an observer and 
communicate intent (Tomasello, Carpenter, & Liszkowski, 2007). This is followed by 
development of joint attention, which is the ability to track the gaze of social agents and share 
the focus of their gaze (Mundy & Newell, 2007). Finally, infants begin to use social cues to 
guide their own behaviours, a process called “social referencing”. For example, 12-month old 
infants avoid objects if their mothers have displayed fear towards the object (Vaish & 
Striano, 2004). There is also some evidence from gaze studies using habituation paradigms 
that infants around 1 year of age display sensitivity to the mental states of others 
(Baillargeon, Scott, & He, 2010). These behaviours indicate a growing appreciation of social 
interaction as a means to communicate intent, as well as some sensitivity other people’s 
intentions and emotional states. 
Socio-emotional and affiliative behaviours develop in parallel. Parental attachments continue 
to form and strengthen (Ainsworth, 1979). 9-12 month-old infants display separation anxiety, 
as well as affiliative ‘teasing’ behaviours (Reddy & Mireault, 2015). The ability to recognise 
emotion also become more refined; one study indicates that 16-19-month-old infants are able 
to detect inauthentic emotions (Walle & Campos, 2014). 
33 
 
With the transition into later infancy and early childhood, more complex aspects of social 
cognition emerge. The ability to attribute mental states to others is a key feature of social 
cognition and is called Theory of Mind or “mentalising” in the psychological and psychiatric 
literature (Frith & Frith, 2012). By late infancy, children demonstrate an increased ability to 
understand and predict the mental states of others. For example, 2 year old children engage in 
pretend play (Leslie, 1987), spontaneous helping and cooperative behaviours (Buttelmann, 
Carpenter, & Tomasello, 2009; Warneken, Gräfenhain, & Tomasello, 2012; Warneken & 
Tomasello, 2007). An understanding of theory of mind is also observed from around 2 years 
of age. The exact age at which children first display theory of mind has been hotly debated 
(Baillargeon et al., 2010), but it is clearly present by children aged 3-5. Around 3-5 years, 
children also display an understanding of the concept of fairness and morality (Vaish, 
Carpenter, & Tomasello, 2010). In addition, young children display increased emotional 
processing. The period around 11 months to 2 years, is characterised by the emergence of 
social emotions such as jealousy (Masciuch & Kienapple, 1993). This is followed by the 
development of social concepts, such as morality and fairness (Kochanska, Gross, Lin, & 
Nichols, 2002; Vaish et al., 2010).  Middle childhood is characterised by further development 
of emotional processing, morality judgements, understanding of “social emotions” and 
attribution of mental states (e.g. second-order false belief tasks) (Cushman, Sheketoff, 
Wharton, & Carey, 2013; Eisenberg, 2000).  
Social cognition continues to undergo extensive changes during adolescence. Adolescence is 
characterised by greater self-awareness, increased perspective-taking abilities (Choudhury et 
al., 2006; Dumontheil, Apperly, & Blakemore, 2010; Dumontheil, Houlton, Christoff, & 
Blakemore, 2010), as well as a more sophisticated understanding of more complex social 
hierarchies, structures and contexts. Adolescence is characterised by a greater sensitivity to 
social stimuli and social contexts, leading to the emergence of behaviours such as increased 
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emotional regulation (McRae et al., 2012), increased conformity and social “policing” of 
other people’s behaviours in social situations (Steinberg & Morris, 2001). Finally, it is worth 
noting that certain elements of social cognition continue to develop into early adulthood. For 
example, the ability to recognise faces peaks in one’s thirties (Susilo, Germine, & Duchaine, 
2013). 
1.2.2 Social cognitive development in atypical development 
Children with neurodevelopmental disorders often display social cognitive impairments. The 
study of the trajectory of social cognition in typically developing children has been 
accompanied by an interest in the social cognitive trajectory of atypically developing 
children. A main focus has been on determining whether developmental stages are reached 
more slowly in atypically developing children, as well as in determining whether subtle 
impairments, or developmental delays are present prior to diagnosis. A full description of the 
trajectory of social cognition in atypically developing children is beyond the scope of this 
discussion, but has been extensively reviewed elsewhere (see Happe & Frith 2014 for a 
review). However, a few main points emerge from this research. 
First, altered social cognitive development trajectories occur in many developmental 
disorders. Children with Down’s syndrome display delays in the development of mutual gaze 
and eye contact. In contrast, infants with William’s syndrome display abnormally long and 
intent looking at faces and eyes, particularly for unfamiliar faces (Tager-Flusberg, Plesa-
Skwerer, Faja, & Joseph, 2003). Children with autism appear to display a largely typical 
social developmental trajectory until around 1-2 years of age, when there is a reduction in 
imitation, eye gaze, and social interest (Zwaigenbaum et al., 2005). Second, some evidence 
suggests that developmental delays in the acquisition of cognitive abilities can have “knock-
on” effects on the acquisition of future cognitive skills, with impairments continuing to be 
observed in social cognition across later development (Dawson et al., 2004; Karmiloff-Smith, 
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1998). Lastly, while individuals with neurodevelopmental disorders often display an altered 
social cognitive developmental trajectory, impairments are rarely observable from birth (see 
Happe & Frith 2014).  
1.2.3 Domain-specificity and domain-generality during development 
1.2.3.1 Interactions between social domains 
It is unclear to what extent different facets of social cognition rely on shared or distinct 
mechanisms. As a result, it is also unclear to what extent different domains of social 
cognition rely on one another during development (Happé et al., 2017). This is an important 
issue to address because it impacts on our understanding of social impairments in 
neurodevelopmental disorders; one account of social cognitive development views abilities 
acquired during early development as “building blocks” required for the development of 
more complex social processes. Under this “cascade” hypothesis, abnormal development of 
these early skills necessarily impairs the acquisition of later social abilities. “Cascade” 
models have been used to account for atypical social development (Johnson, Grossmann, & 
Kadosh, 2009). Whether or not this “cascade” model receives experimental support is 
unclear. Others have argued that there is some degree of independence between different 
social domains (Happé & Frith, 2014). 
1.2.3.2 Social and non-social cognitive development 
The extent to which social cognition relies on domain-specific versus domain-general 
mechanisms is still highly debated (see section 1.1.1). As a result, the relationship between 
the development of social cognition and non-social cognition is also not well understood. 
At one extreme, social cognition could develop completely independently from other 
domains. In this case, abnormal development of social cognition would not affect the 
development of other abilities, and vice versa. At the other extreme, social and non-social 
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cognitive development could rely on completely shared mechanisms. In this circumstance, 
atypical development in one domain would be expected to be accompanied by equally 
pronounced abnormalities in the other domain.  
Examining the altered trajectory of social development in neurodevelopmental disorders may 
provide insight into the processes underlying “typical” development. Individuals with 
neurodevelopmental disorders frequently display abnormal behaviours across multiple 
developmental domains. It has been unclear to what extent different symptoms are related to 
one another. Findings of “spared” abilities in the face of impairments in other domains 
suggest a degree of independence. For example, individuals with Down’s syndrome have 
intellectual impairments but apparently spared social cognition (Rosner, Hodapp, Fidler, 
Sagun, & Dykens, 2004). Individuals with high-functioning autism display pronounced social 
difficulties but relatively intact non-social cognition. This has sometimes been taken as 
evidence of a partial or double dissociation between social and non-social cognition.  
However, the interpretation of “spared” and “impaired” abilities in neurodevelopmental 
disorders is complicated (Karmiloff-Smith, 2009; Karmiloff-Smith et al., 2003). Sometimes, 
subtle impairments or developmental delays exist in apparently “spared” domains. These can 
be hard to detect because of both limitations in ability to test very young children, and 
because of the choice of controls, which may be matched for mental age. Atypically 
developing children may appear “spared” in one domain because they are performing as well 
as controls matched for mental age but who are younger. Compounding these difficulties in 
interpreting patterns of impairments is the fact that developmental insults may lead to 
considerable compensatory strategies. Hence, “spared” performance in one domain may be 
acquired by alternative strategies following disruption of the normal developmental trajectory 
of the domain. 
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In addition, not all evidence supports the notion that social cognition develops independently 
from non-social cognition. Multiple studies have found a positive relationship between 
executive function and theory of mind in both typically and atypically developing children 
(Carlson, Moses, & Breton, 2002; Hughes, 1998; Hughes & Ensor, 2007; Ozonoff, 
Pennington, & Rogers, 1991).  
1.2.3.3 Social cognitive development and perceptual development 
Perceptual development is another domain that may affect social cognitive development. 
Social interaction relies on sensory processing. We extract social meaning from sensory 
stimuli, which guides our social interactions. For example, we use facial expressions to 
interpret the emotions of other social agents.  
Perceptual development has been proposed to play a role in shaping social development in 
typically and atypically developing children. Sensory symptoms are frequently observed in 
individuals with neurodevelopmental disorders. These sensory symptoms have been reported 
to precede social symptoms. Furthermore, multiple studies in autism spectrum disorders 
indicate that sensory symptoms predict both autism severity, and social symptoms including 
reduced play (Adamson, O’Hare, & Graham, 2006; Hilton, Graver, & LaVesser, 2007; Hilton 
et al., 2010; Kuhaneck & Britner, 2013; Liss, Saulnier, Fein, & Kinsbourne, 2006; Watson et 
al., 2011). However, the nature of the relationship between sensory symptoms and social 
dysfunction is unclear (Robertson & Baron-Cohen, 2017). Hence, the relationship between 
sensory development and social development requires further investigation. 
It is worth noting that behavioural domains that are initially interdependent may become 
independent through experience-dependent development. In this scenario, the effect of a 
developmental insult on each domain would depend on the time in development at which the 
insult occurred, leading to different conclusions about domain-specificity and 
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interdependence (Karmiloff-Smith, 2009). As a result, determining the extent to which 
different domains of social cognition are interdependent or independent is a complicated 
endeavour.  
In summary, much is still unknown about the relationship between social development and 
the development of other cognitive and perceptual abilities. Recent accounts of 
neurodevelopment, such as the “neurocontructivist” account, emphasise the need to give 
further thought to understanding how different cognitive domains interact during 
development. This approach views the acquisition of different skills not as an isolated process 
determined by either innate, genetic mechanisms, or environmental influences, but an 
interactive process in which different domains interact with one another and neural structures 
compete for representation of mental abilities (Karmiloff-Smith et al., 2003). This is likely to 
carry important implications for our understanding of atypical development in 
neurodevelopmental disorders, which typically present with altered behaviour across multiple 
developmental domains.   
1.3 The “social brain” 
1.3.1 Human neuroimaging and neuropsychology studies 
Functional magnetic resonance BOLD imaging has been used to investigate the parts of the 
brain that subserve social cognition. These studies have revealed a network of brain regions 
that is highly active during social cognition, termed the “social brain”. The brain regions that 
constitute the core “social brain” network are typically considered to consist of the fusiform 
face area (FFA), posterior superior temporal sulcus (pSTS), amygdala, temporo-parietal 
junction, medial and orbital prefrontal cortex, anterior cingulate cortex, and anterior temporal 
cortex (Brothers, 1996; Frith, 2007). The contribution of these brain regions to social 
cognition is reviewed briefly below. 
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1.3.1.1 The fusiform face area 
The fusiform face area (FFA) is a region within the fusiform gyrus that is involved in the 
perception of faces. In humans, the FFA has been found to be disproportionately active 
during the viewing of faces relative to other stimuli including non-social objects, inverted or 
scrambled faces, and “face-like” non-face stimuli (Kanwisher et al., 1997). In addition, in 
vivo electrophysiological studies in monkeys demonstrate that neurons in the inferior and 
superior temporal cortex are responsive to faces (Hasselmo, Rolls, & Baylis, 1989; Perrett, 
Rolls, & Caan, 1982). Strong support for the notion that this region is involved in face 
recognition has been obtained from neuropsychology studies indicating that damage to the 
FFA causes prosopagnosia, a deficit in the ability to recognise familiar faces (Barton, Press, 
Keenan, & O’Connor, 2002). 
1.3.1.2 The posterior superior temporal sulcus 
The posterior superior temporal sulcus (pSTS) plays a role in processing biological motion 
and social gaze. The pSTS is highly active when two people are looking at each other (mutual 
gaze) (Pelphrey, Viola, & McCarthy, 2004), as well as during viewing of biological motion 
(Thompson, Clarke, Stewart, & Puce, 2005). Studies indicate that this region is more active 
during motion depicting complex social situations compared with animations of inanimate 
motion (Castelli et al., 2000; Schultz et al., 2003). It has also been suggested that the pSTS is 
involved in representing the intent of actions, on the basis that a portion of the pSTS appears 
sensitive to the consequences of biological motion on the surrounding environment (Saxe, 
Xiao, Kovacs, Perrett, & Kanwisher, 2004). 
1.3.1.3 The amygdala 
The amygdala is thought to be involved in emotion processing (Sergerie, Chochol, & 
Armony, 2008). The amygdala is highly active during tasks in which participants view or 
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make judgements about emotional facial expressions (Hariri et al., 2008). Lesions restricted 
to the amygdala are sufficient to impair facial expression perception (Adolphs, Tranel, 
Damasio, & Damasio, 1995). The amygdala appears to be particularly involved in the 
recognition of negative facial expressions. This has led to proposals that the amygdala 
processes the emotional saliency or relevance of stimuli during social cognition (Adolphs, 
2010).  
1.3.1.4 The temporo-parietal junction 
Neuroimaging studies indicate that the temporo-parietal junction (TPJ) plays a role in 
“mentalising”, the ability to make inferences about the mental states of social agents. 
Functional magnetic resonance imaging studies have consistently reported high levels of 
BOLD activity in the TPJ during theory of mind tasks. The TPJ is also significantly during 
active empathy tasks (Völlm et al., 2006). Whilst some have claimed that activity in the TPJ 
during theory of mind tasks merely reflects a more general role in orienting to salient stimuli 
(Corbetta & Shulman, 2002), neuropsychology studies provide more causal evidence for the 
role of the TPJ in mentalising. Indeed, transcranial magnetic stimulation of the TPJ leads to 
reduced mentalising during moral judgements (Young, Camprodon, Hauser, Pascual-Leone, 
& Saxe, 2010), and damage to the TPJ causes deficits in theory of mind (Samson, Apperly, 
Chiavarino, & Humphreys, 2004).  
1.3.1.5 The medial/orbitofrontal cortex 
The ventromedial/orbitofrontal cortex has been implicated in the recognition of social signals 
and selection of context-appropriate social behaviours. Damage to this region profoundly 
alters social behaviour and leads to “inappropriate” social responses (Barrash, Tranel, & 
Anderson, 2000; Eslinger & Damasio, 1985; Saver & Damasio, 1991). In neuroimaging 
studies, the medial and orbitofrontal prefrontal cortex have been found to be active during 
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“mentalising” tasks, as well during sarcasm detection, observation of violation of social 
norms, and in moral judgement tasks (Baron-Cohen et al., 1994; Berthoz, Armony, Blair, & 
Dolan, 2002; Moll et al., 2002; Uchiyama et al., 2006). The role of the orbitofrontal cortex in 
social cognition will be described in more detail in section 1.4. 
1.3.1.6 The anterior cingulate cortex 
Imaging tasks indicate a role of the anterior cingulate cortex (ACC) in the processing and 
feeling of emotions; the ACC is highly active during tasks inducing emotion, and during 
emotional recall (Bush, Luu, & Posner, 2000) and in tasks that involve processing negative 
social emotions, such as social rejection, disgust, and empathy for others’ pain (Eisenberger, 
Lieberman, & Williams, 2003; Mataix-Cols et al., 2008; Singer et al., 2004). The ACC 
appears particularly active in tasks that evoke emotional conflict. For example, during facial 
emotion processing tasks, it is particularly active in conditions in which facial expressions 
and emotional words are incongruent (Etkin, Egner, Peraza, Kandel, & Hirsch, 2006). This is 
consistent with its proposed wider role in conflict detection (Yeung, Botvinick, & Cohen, 
2004).  
1.3.1.7 The anterior temporal cortex 
The anterior temporal cortex has been found to play a role in the storage of social knowledge 
and moral concepts (Zahn et al., 2007; Zahn et al., 2017a; Zahn, Moll, Paiva, et al., 2009). 
The anterior temporal cortex is active during tasks involving the use of social concepts ( Zahn 
et al., 2017a). Damage to the temporal poles impairs the ability to use social knowledge 





1.3.2 Investigations of social brain circuitry in rodent and primate models 
The neural circuitry underlying social cognition has been probed through optogenetic, 
electrophysiological, and lesion methods in rodent models. The majority of the work has 
concentrated on the circuits involved in social approach and aggressive behaviours. 
1.3.2.1 Neural circuits involved in social approach  
Lesion studies in rodents and primates have indicated that the amygdala, cingulate cortex, 
and anterior cingulate cortex are involved in social approach and social motivation. Lesions 
to the ACC reduce social interest in other animals and social memory (Rudebeck et al., 
2007). In monkeys, lesions of the cingulate cortex and amygdala have also been found to 
reduce social motivation and affiliative behaviour (Hadland, Rushworth, Gaffan, & 
Passingham, 2003; Machado & Bachevalier, 2006).  
Optogenetic studies have provided further insight into the circuitry of social approach, 
revealing a network of brain regions involved in the control of social motivation and 
approach behaviours, including the basolateral amygdala, ventral hippocampus, medial 
prefrontal cortex and dorsal raphe nucleus. Reciprocal projections between the basolateral 
complex of the amygdala and ventral hippocampus have been found to regulate social 
approach. Activation of the projections from the basolateral amygdala to the ventral 
hippocampus reduces social approach and social interactions. Conversely, inhibiting this 
pathway increases social approach and social interactions (Felix-Ortiz & Tye, 2014). 
However, it is unclear whether the effect of activation of this pathway reflects a role in social 
motivation per se, or reflects a more general role in anxiety-related behaviours. Indeed, 
anxiety behaviours are also increased or decreased by activation and inactivation of this 
pathway, respectively (Felix-Ortiz & Tye, 2014). Hence, the effects of manipulation of this 
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pathway on social approach may reflect changes in anxiety levels, which may alter 
sociability. 
Circuitry within the medial prefrontal cortex has also been implicated in social approach 
behaviours (Yizhar, Fenno, et al., 2011). Social approach after social defeat is increased by 
optogenetic activation of excitatory projections from the ventromedial prefrontal 
cortex/orbitofrontal cortex to the dorsal raphe nucleus (Challis, Beck, & Berton, 2014). A 
second study has implicated excitatory/inhibitory balance in the medial prefrontal cortex in 
regulating the duration of social interaction (Yizhar, Fenno, et al., 2011). 
1.3.2.2 Neural circuits involved in aggression 
Lesion studies in rodents and monkeys have consistently demonstrated that the orbitofrontal 
cortex plays a role in regulating aggression. Damage to the orbitofrontal cortex increases 
aggression in rodents and monkeys (De Bruin, Van Oyen, & Van De Poll, 1983; Machado & 
Bachevalier, 2006; Nonneman, Voigt, & Kolb, 1974). 
Optogenetic investigations into the neural circuits mediating and controlling aggression have 
largely concentrated on downstream regions involved in effectuating aggression. Multiple 
studies indicate that the ventromedial hypothalamus plays a key role in the initiation of 
aggressive behaviour in rodents. Offensive aggression is enhanced by optogenetic activation 
of the ventromedial hypothalamus and reduced by inactivation of this region (Falkner, 
Grosenick, Davidson, Deisseroth, & Lin, 2016b). Optogenetic studies have revealed that 
defensive aggression is mediated by the dorsomedial division of the ventromedial 
hypothalamus, whereas aggression towards conspecifics is controlled by the ventrolateral 
ventromedial hypothalamus (Silva et al., 2013). Optogenetic activation of the ventromedial 
hypothalamus increases aggression both within the context of paradigms in which aggression 
is expected, and within contexts in which male mice do not normally display aggression 
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(Falkner et al., 2016b; Lin et al., 2011). In addition, the aggressive behaviours controlled by 
the ventromedial hypothalamus are inhibited by activation of a projection from the lateral 
septum to the ventromedial hypothalamus (Wong et al., 2016b).  
Manipulation of the ventromedial hypothalamus and lateral septum is able to abort ongoing 
attacks, suggesting that these regions consist of “downstream” areas involved in producing 
aggressive behaviours. In contrast, optogenetic inhibition of the medial prefrontal cortex 
increases the probability of engaging in aggressive behaviours without suppressing ongoing 
attacks, suggesting that the medial prefrontal cortex acts as an “upstream” region that 
regulates aggression (Takahashi, Nagayasu, Nishitani, Kaneko, & Koide, 2014). Surprisingly, 
in this study, optogenetic activation of the orbitofrontal cortex did not affect aggression. This 
result contrasts with numerous studies indicating that the orbitofrontal cortex is involved in 
regulating aggression (De Bruin et al., 1983; Nonneman et al., 1974). However, the study did 
not examine the effects of inhibiting the orbitofrontal cortex on aggression, which may have a 
more substantive effect than activation of the orbitofrontal cortex. The authors also did not 
differentiate between different subregions of the orbitofrontal cortex, which have been found 
to have different functional roles (Elliott, Dolan, & Frith, 2000; Ongur & Price, 2000). In 
addition, it is likely that optogenetic light stimulation does not easily reach the orbitofrontal 
cortex. 
Optogenetic studies have provided some insights into the circuitry underlying social 
cognition. However, there is still much that is unknown about how these circuits control 
social behaviour, and the individual contribution made by different brain regions. In addition, 
the majority of these studies have focussed on the circuitry underlying social approach and 




1.3.3 Neuromodulatory systems 
1.3.3.1 Oxytocin 
Oxytocin is a neuropeptide produced primarily in magnocellular neurons of the 
hypothalamus. Oxytocin projections are widespread across the brain, but are particularly 
pronounced in the nucleus accumbens, amygdala, lateral septum, hippocampus and 
brainstem/spinal cord. There is a strong projection from the hypothalamus to the posterior 
pituitary where oxytocin is released into the bloodstream. 
Oxytocin has been linked to the production of a number of social behaviours. For example, 
oxytocin is known to play a role in maternal behaviour (Marlin, Mitre, D’amour, Chao, & 
Froemke, 2015) and is released during pregnancy and partuition. In virgin female mice, 
oxytocin mediates a rapid switch from displaying lack of interest in pups towards exhibiting 
maternal behaviours, such as nest building and pup retrieval (Pedersen, Prange, & Jr., 1979). 
The effect of oxytocin on pup retrieval occurs through release of oxytocin into the left 
auditory cortex (Marlin et al., 2015). These maternal behaviours are blocked by 
administration of an oxytocin antagonist (van Leengoed, Kerker, & Swanson, 1987). Similar 
results have been observed in prairie voles (Olazábal & Young, 2006).  
In addition, oxytocin has also been implicated in affiliative behaviours and social recognition. 
Oxytocin and oxytocin receptor knock-out pups emit fewer “distress” vocalisations when 
separated from their mothers (Takayanagi et al., 2005; Winslow et al., 2000). Oxytocin is 
involved in the establishment of partner preferences in prairie voles (Insel & Hulihan, 1995). 
Adult oxytocin or oxytocin receptor knock-out mice display elevated aggression (Takayanagi 
et al., 2005; Winslow et al., 2000). Moreover, oxytocin and oxytocin receptor knock-out mice 
display deficits in social memory in the absence of pervasive deficits in social approach or 
olfaction (Crawley et al., 2007; Takayanagi et al., 2005). Administration of oxytocin into the 
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amygdala is sufficient to reverse deficits in social memory (Winslow & Insel, 2002). In 
addition, there is some evidence that oxytocin has similar effects in humans. For example, 
intranasal oxytocin has been found to improve recognition memory for angry and neutral 
faces (Savaskan, Ehrhardt, Schulz, Walter, & Schächinger, 2008) and increase trust (Kosfeld, 
Heinrichs, Zak, Fischbacher, & Fehr, 2005). 
1.3.3.2 Serotonin 
Serotonin (5-HT) has been particularly implicated in aggressive behaviour. Multiple lines of 
evidence associate impulsivity and aggression with 5-HT deficiency. Many of these studies 
are based on depleting 5-HT levels in the brain. This can be achieved quite easily because 5-
HT is synthesized from the essential amino acid, L-tryptophan. Restricting L-tryptophan in 
the diet is sufficient to reduce the availability of 5-HT in the central nervous system. Acute 
tryptophan depletion increases state aggression and attention to aversive emotional stimuli 
(Cleare & Bond, 1995; Klaassen et al., 2002; Passamonti et al., 2012). In addition, fMRI 
studies indicate that tryptophan depletion reduces the functional connectivity between the 
amygdala and prefrontal cortex during processing of aversive social stimuli (Passamonti et 
al., 2012). Carriers of the MAOA-L allele, who display a greater tendency towards antisocial 
behaviours, are more vulnerable to this effect (Eisner et al., 2017). Neural activity during a 
go-no-go impulsivity task is significantly reduced in the orbitofrontal cortex, anterior 
cingulate and inferior temporal cortex after acute tryptophan depletion. Furthermore, the 
reduction in neural activity is greater in individuals with greater 5-HT depletion and greater 
trait impulsivity (Helmbold et al., 2015). 
However, it is worth noting that there has been debate with regards to which monoamine 
oxidase A (MAOA) allele is associated with impulsivity and aggression, since the high-
expression allele has been associated with impulsivity in healthy adult males (Manuck, Flory, 
47 
 
Ferrell, Mann, & Muldoon, 2000), but the low-expression allele has been associated with 
antisocial behaviour in individuals who suffered from childhood maltreatment (Caspi et al., 
2002; Foley et al., 2004). 
Rodent studies have also suggested a role of the 5-HT1 receptor class in regulating 
aggression and impulsivity. Mice with knock-down of the 5-HT1B receptor display increased 
aggression and impulsivity. Treatment with 5-HT1A or 5-HT1B agonists reduces aggression 
in mice and rats. Aggressive behaviours in mice with knock-out of the cannabinoid receptor 2 
(CBR2) gene is accompanied by elevated COMT, MAO-A, 5-HTT and 5HT1B3 gene 
expression in the amygdala (Rodríguez-Arias et al., 2015). In socially isolated mice, 
aggressive behaviours are accompanied by elevated serotonin and dopamine levels, and can 
be reversed by diazepam, mGlu2/3 receptor agonists, and a 5-HT1A receptor agonist, 
supporting the role of 5-HT1 receptors in reducing aggressive behaviours (Ago et al., 2013). 
1.3.3.3 Vasopressin 
Vasopressin is a nonapeptide with an amino acid sequence that is strikingly similar to 
oxytocin, differing by only two amino acids (Stoop, 2012).  Like oxytocin, vasopressin is 
synthesized by hypothalamic neurons that project to the brain and posterior pituitary. 
Vasopressin was first identified because of its antidiuretic action on the kidneys and, hence, is 
also known as antidiuretic hormone.  
More recent evidence has implicated vasopressin in regulating aggression and pair-bonding. 
V1aR knock-out mice exhibit impaired social recognition and reduced anxiety (Bielsky, Hu, 
Szegda, Westphal, & Young, 2004). Vasopressin is released after bonding in male prairie 
voles, leading to formation of a pair-bond, an increase in aggression towards males, and 
paternal behaviour (Winslow, Hastings, Carter, Harbaugh, & Insel, 1993). The influence of 
vasopressin on paternal behaviour is thought to involve circuits within the amygdala, whilst 
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its role in pair bonding involves the nucleus accumbens, ventral pallidum and mediodorsal 
thalamus (Lim & Young, 2004). Some effects of vasopressin have also been reported in 
human studies. For example, during face perception tasks, vasopressin reduces perception of 
friendliness in males and increases feelings of affiliation in women (Thompson, George, 
Walton, Orr, & Benson, 2006). 
1.3.4 Summary 
In summary, there is a growing body of work at the human neuroimaging level investigating 
the network of brain regions involved in social cognition. This has been accompanied by 
some detailed work investigating the role of neuromodulators in social cognition in rodents. 
However, the cellular mechanisms underlying social cognition have been less extensively 
studied, and have focussed mainly on a smaller set of behaviours (social approach and 
aggression). Other aspects of social cognition have received less attention at the circuit level. 
1.4 The orbitofrontal cortex and social cognition 
1.4.1 The anatomy of the orbitofrontal cortex 
1.4.1.1 Primate orbitofrontal cortex 
The orbitofrontal cortex encompasses the most inferior and ventral portions of the prefrontal 
cortex. In humans, the orbitofrontal cortex is usually defined as the Brodmann areas 10, 11 
and 47. Together with the medial prefrontal cortex, it is sometimes referred to as the 
“ventromedial prefrontal cortex”. In non-human primates, the orbitofrontal cortex 
encompasses areas 10, 11, 12, 13 & 14. Areas 10 and 11 occupy the frontal pole and anterior 
orbital cortex. Areas 12, 13 and 14 consist of the lateral, medial, and ventromedial 
orbitofrontal cortex, respectively (Walker, 1940). The orbitofrontal cortex can be further 
subdivided into medial and lateral orbitofrontal cortex on the basis of differences in function 
and anatomical connections.  
49 
 
1.4.1.2 Rodent orbitofrontal cortex 
Rodent prefrontal cortex is usually divided into the medial precentral (PrCm), prelimbic (PL), 
infralimbic (IL), and orbitofrontal cortices. More recently, several classifications have 
included the anterior cingulate cortex (ACC) in rodent prefrontal cortex. The orbitofrontal 
cortex is further subdivided into medial (MO), lateral (LO), ventral (VO) and ventrolateral 
(VLO) orbitofrontal cortex (Krettek & Price, 1977).  
Rodent prefrontal cortex is far smaller, and less specialised than human and non-human 
primate prefrontal cortex. The extent to which rodents possess a prefrontal cortex has been 
the subject of extensive debate (Preuss, 1995; Uylings, Groenewegen, & Kolb, 2003). In 
Brodmann’s original classification of cortical areas (1909), the prefrontal cortex was defined 
as the region rostral to the premotor areas possessing a prominent granular layer IV. The 
frontal lobe is largely agranular in rodents. Hence, Brodman’s classification considered the 
prefrontal cortex to be unique to primates. Subsequently, Rose & Woolsey (1948) and 
Uylings et al (2003) argued that rodents possess a region analogous to human prefrontal 
cortex on the basis of similar projections from the thalamic mediodorsal nucleus, similarities 
in the effects of lesions, and the presence of reciprocal projections to monoaminergic 
brainstem nuclei. 
The claim that the source of inputs from the thalamus can be used to define the prefrontal 
cortex adequately has been disputed (Preuss, 1995). This reignited the debate about whether 
rodents possess a prefrontal cortex that is homologous to primate prefrontal cortex (Preuss, 
1995; Uylings et al., 2003). A key feature of the debate has centred around whether or not 
rodents possess an equivalent to the dorsolateral prefrontal cortex.  
There is greater consensus that the rodent orbitofrontal cortex is homologous to human and 
non-human primate orbitofrontal cortex (Preuss, 1995). A region in the ventral and inferior 
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portions of the frontal lobe can be identified in both primates and humans. The analogy is 
also far simpler from the point of view of cytoarchitecture, since sections of primate 
orbitofrontal cortex are also agranular (Morecraft, Geula, & Mesulam, 1992). As a result, the 
presence of an orbital cortex in rats has been acknowledged even by those disputing that 
rodents possess an equivalent to the dorsolateral prefrontal cortex (Preuss, 1995). The 
analogy between rodent and primate orbitofrontal cortex is supported by similarities in 
anatomical connections, monoaminergic input, and function. 
1.4.2 Anatomical connections of the orbitofrontal cortex 
1.4.2.1 Afferent inputs to orbitofrontal cortex 
The orbitofrontal cortex receives projections from a vast range of brain regions. This has 
been extensively studied in non-human primates. Projections to the orbitofrontal cortex 
include extensive input from all sensory modalities (Barbas, 1993). Multiple higher visual 
processing areas project to the (lateral) orbitofrontal cortex, including the inferior temporal 
cortex and superior temporal sulcus (Barbas, 1988; Morecraft et al., 1992).  In addition, area 
TA in the superior temporal cortex sends auditory input to the orbitofrontal cortex (Barbas, 
1993; Morecraft et al., 1992). Taste information is received from the anterior insula and 
frontal operculum (Baylis, Rolls, & Baylis, 1995; Rolls & Baylis, 1994a; Rolls, Sienkiewicz, 
& Yaxley, 1989). Area 11 receives projections from olfactory bulb, and area 47/12 receives 
somatosensory input from secondary somatosensory areas (Carmichael and Price, 1995a). 
The orbitofrontal cortex also receives input from the amygdala, hippocampus and 
surrounding temporal lobe. Projections from the amygdala are particularly dense (Amaral and 
Price, 1984; Carmichael and Price, 1995a). These projections terminate most densely in 
upper layers 1 and 2 (Timbie & Barbas, 2014). Orbitofrontal cortex also receives projections 
from the hippocampus, parahippocampal areas, posterior cingulate, retrosplenial cortex, 
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entorhinal cortex and temporal pole. The midline thalamus, mediodorsal thalamic nucleus, 
insula and hypothalamus also project to orbitofrontal cortex.  
In addition, the orbitofrontal cortex receives dense projections from other parts of the 
prefrontal cortex. Projections from the anterior cingulate cortex are particularly dense 
(García-Cabezas & Barbas, 2016). Lateral and medial prefrontal cortex, as well as premotor 
cortex, and to a lesser extent, periarcuate and frontal eye field, project to the orbitofrontal 
cortex (Barbas and Pandya, 1989; Carmichael and Price, 1995). 
Whilst many early rodent studies do not differentiate between medial prefrontal cortex and 
orbitofrontal cortex projections, similar patterns of connections have been observed in rodent 
orbitofrontal cortex (Condé, Maire-lepoivre, Audinat, & Crépel, 1995; Krettek & Price, 1977; 
Mcdonald, 1991). In addition, these studies indicate that distinct subregions of rodent 
orbitofrontal cortex receive inputs from different brain regions. In the rat, medial 
orbitofrontal cortex receives input primarily from the anterior and posterior cingulate, 
mediodorsal thalamus, basolateral, postero-cortical and amygdalo-hippocampal subdivisions 
of the amygdala, medial prefrontal cortex, hippocampus, entorhinal cortex, and olfactory 
bulb. In contrast, ventral and lateral orbitofrontal cortex receive dense sensory input from 
visual, taste (insula), somatosensory, and olfactory (olfactory bulb and pirifrom cortex) areas, 
as well as posterior parietal cortex, mediodorsal thalamus, perirhinal cortex and basolateral 
amygdala (Reep, Corwin, & King, 1996). 
1.4.2.2 Efferent projections of the orbitofrontal cortex 
The orbitofrontal cortex projects to many areas of the brain. Topographically organised 
inputs are sent to the parahippocampal region. Medial, lateral, ventral and ventrolateral 
orbitofrontal cortex project to the perirhinal cortex and lateral entorhinal cortex. In contrast, 
projections to medial entorhinal cortex are primarily from the ventral orbitofrontal cortex 
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(Kondo & Witter, 2014). Orbitofrontal cortex also project to the spinal cord, dorsal raphe 
nucleus, dorsal and ventral striatum, basolateral nucleus of the amygdala, anterior and 
posterior lateral hypothalamus, ventral tegmental area and mediodorsal thalamus (Gabbott, 
Warner, Jays, Salway, & Busby, 2005; Rempel-Clower & Barbas, 1998). 
1.4.3 The orbitofrontal cortex and non-social cognition  
Studies investigating the role of the orbitofrontal cortex in non-social cognition indicate that 
this region plays a role in decision-making and goal-directed behaviour (Burke, Franz, Miller, 
& Schoenbaum, 2008; Rudebeck & Murray, 2014; Wallis, 2007). In humans, damage to the 
ventromedial/orbitofrontal cortex increases impulsive behaviour and decision-making under 
risk and uncertainty. For example, patients with orbitofrontal damage are impaired at 
selecting the most rewarding decks in the Iowa gambling task (Bechara, Damasio, Damasio, 
& Anderson, 1994). Similar impairments in decision-making have been observed in rodents 
and non-human primates with lesions to the orbitofrontal cortex. This includes impairments 
in the ability to extinguish or reverse a stimulus-reward association, deficits in making go/no-
go discriminations, and impairments in the ability to select higher-value, delayed rewards 
over smaller-value, immediately available rewards (delay discounting) (Butter, McDonald, & 
Snyder, 1969; Izquierdo & Murray, 2005; McAlonan & Brown, 2003; Schoenbaum, Setlow, 
Saddoris, & Gallagher, 2003). 
Multiple lines of evidence suggest that the orbitofrontal cortex plays a role in learning and 
representing the expected value of stimuli and outcomes. Electrophysiological and 
neuroimaging data demonstrate that orbitofrontal neurons are sensitive to features of sensory 
stimuli, such as stimulus identity and quality (Critchley & Rolls, 1996b; Tanabe, Iino, & 
Takagi, 1975). In particular, the orbitofrontal cortex appears to represent the value of sensory 
stimuli, such as the subjective pleasantness of taste (Kringelbach, O’Doherty, Rolls, & 
Andrews, 2003). This is also supported by in vivo electrophysiological recordings 
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demonstrating that neurons in the orbitofrontal cortex display selectivity to reward olfactory 
cues (Critchley & Rolls, 1996b). 
The role of orbitofrontal neurons in representing expected value is also supported in decision-
making tasks (Schoenbaum, Roesch, Stalnaker, & Takahashi, 2009). Animals with lesions to 
the orbitofrontal cortex fail to update choice preferences when a reward is devalued, e.g. by 
feeding the animal to satiety (Izquierdo & Murray, 2005; Machado & Bachevalier, 2006). 
Lesions to the orbitofrontal cortex also impair the ability to detect degradations in the 
contingency between actions and rewarding outcomes (contingency degradation) (Jackson, 
Horst, Pears, Robbins, & Roberts, 2016). In addition, in vivo electrophysiological recordings 
demonstrate that neurons in the orbitofrontal cortex fire in response to rewarding and 
aversive outcomes, as well as in anticipation of outcomes (Schoenbaum, Chiba, & Gallagher, 
1999; Schoenbaum et al., 2003). Importantly, these studies indicate that the activity of 
neurons in the orbitofrontal cortex is better conceived as representing expected outcome, 
rather than a prediction error signal. Indeed, unlike striatal prediction error signals, 
orbitofrontal neurons continue to fire in response to reward even after learning, and do not 
alter firing when rewards are unexpected (Schoenbaum et al., 2003). Instead, responses of 
these neurons are modulated by the size of the reward, with stronger firing occurring in 
anticipation of preferred foods (Tremblay & Schultz, 2000). Similar results have been 
obtained in human neuroimaging studies; in a decision-making paradigm, BOLD activity in 
the orbitofrontal cortex correlated with goal and decision values, but did not represent 
prediction error (Hare, O’Doherty, Camerer, Schultz, & Rangel, 2008). 
Evidence indicates that representations of the expected value of stimuli or outcomes in the 
orbitofrontal cortex are sensitive to context, such as the current goal, past action history and 
the value of alternative outcomes. For example, in tasks in which the absolute value of 
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conditioned stimulus stays fixed, but the value changes relative to the rewards obtained in 
previous trials, neurons in the orbitofrontal cortex rapidly update response to the stimulus as a 
function of prior reward history (Saez, Saez, Paton, Lau, & Salzman, 2017). Representations 
of task variables in the orbitofrontal cortex are also sensitive to the importance of these 
variables in the task (Schoenbaum & Eichenbaum, 1995a, 1995b). Moreover, orbitofrontal 
neurons respond differentially to objects based on the context they are in, and the reward 
value associated with the object in the given context (Farovik et al., 2015). As a result, it has 
been proposed that the orbitofrontal cortex functions as a “cognitive map” of task space, 
representing different task states, and the value of options according to current task state 
(Wilson, Takahashi, Schoenbaum, & Niv, 2014). According to this account, the orbitofrontal 
cortex integrates multisensory information that is relevant to task state, such as past 
memories, prior reward history, and the current value of stimuli and outcomes to determine 
what ‘task state’ we are in.  
Studies of the role of the orbitofrontal cortex in non-social decision-making have also 
revealed that different regions of the orbitofrontal cortex make distinct contributions to 
decision-making. For example, in a probabilistic reversal learning task in rats, medial 
orbitofrontal lesions led to difficulty in the initial learning of action-outcome contingencies, 
reduced sensitivity to positive and negative feedback, and perseverative behaviour. In 
contrast, lateral orbitofrontal lesions impaired reversals, but did not cause perseverative 
behaviour, with particular deficits in win-stay/lose-shift strategies. As a result, it has been 
suggested that the medial orbitofrontal cortex is involved in identifying high probability 
reward and integrating goal values with action-outcome contingencies, whereas the lateral 
orbitofrontal cortex plays a role in maintaining choices when contingencies change (Noonan, 
Kolling, Walton, & Rushworth, 2012). 
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1.4.4 The role of the orbitofrontal cortex in social cognition 
The orbitofrontal cortex is a key player in the “social brain” network (Adolphs, 2008). The 
importance of the orbitofrontal cortex for social cognition was first demonstrated in patient 
cases, which reported dramatic changes in interpersonal functioning and social cognition as a 
result of orbitofrontal damage, despite relatively intact cognition (Anderson et al., 2000; 
Barrash et al., 2000; Cicerone & Tanenbaum, 1997; Eslinger & Damasio, 1985; Saver & 
Damasio, 1991). These early studies suffered from limitations owing to small sample sizes, 
lack of control groups, and lack of differentiation between the orbitofrontal cortex and other 
portions of the medial prefrontal cortex. However, the findings of these case studies has been 
substantiated by larger-scale studies comparing groups of patients with damage to the 
orbitofrontal cortex to age-matched controls, or patients with brain damage in other regions 
(Berlin, Rolls, & Kischka, 2004; Grafman et al., 1996). Additional support comes from the 
finding that social abilities are related to the size of the orbitofrontal cortex in humans (Von 
Der Heide, Vyas, & Olson, 2014). 
The orbitofrontal cortex is involved in multiple facets of social cognition. One function 
performed by the orbitofrontal cortex appears to be regulation of aggression. Studies indicate 
that patients with damage to the orbitofrontal cortex result in an increased tendency to behave 
aggressively and engage in angry outbursts, as well as difficulty controlling negative 
emotions (Anderson et al., 2000; Cicerone & Tanenbaum, 1997). Subsequent studies have 
supported the finding that these patients have difficulty self-regulating their behaviour and 
inferring emotional states (Beer, Heerey, Keltner, Scabini, & Knight, 2003). A role in the 
regulation of emotional responses is supported by an fMRI study in which participants 
viewed neutral or angry facial expressions before choosing a punishment for their opponent 
in a competitive reaction time task. Here, activity within the medial orbitofrontal cortex 
correlated negatively with aggressive behaviour (Beyer et al., 2015). Monkey and rodent 
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lesion studies also support this notion, as lesions to the orbitofrontal cortex result in 
heightened aggression (De Bruin et al., 1983; Machado & Bachevalier, 2006; Nonneman et 
al., 1974). 
A second role of the orbitofrontal cortex appears to be in the representation of “social rules”, 
and the selection of social behaviour that is appropriate to social context according to such 
rules. Patients with orbitofrontal damage struggle to differentiate socially “acceptable” and 
“inacceptable” behaviours, as measured by the social faux pas test (Lee et al., 2010). In 
addition, the orbitofrontal cortex is activated during reading violations of social norms (Bas-
Hoogendam, van Steenbergen, Kreuk, van der Wee, & Westenberg, 2017). Studies of 
frontotemporal lobar degeneration also indicate that the orbitofrontal cortex is involved in 
representing the consequences of social actions, which may partially account for the 
difficulties patients display in selecting appropriate social behaviours (Zahn et al., 2017a). A 
role in the recognition of social contexts is also supported by rodent studies indicating that 
lesions to the orbitofrontal cortex impair the ability of rats to modulate play according to 
context (Pellis et al., 2006). 
The orbitofrontal cortex also appears to be required for the recognition of social cues and 
signals. Individuals with orbitofrontal cortex damage display impairments of social 
perception, such as recognition of nonverbal social cues (Mah, Arnold, & Grafman, 2004), 
and impaired ability to judge facial expressions, especially those displaying negative 
emotions (Willis, Palermo, Burke, McGrillen, & Miller, 2010). In addition, anodal 
transcranial direct current stimulation (tDCS) to the orbitofrontal cortex has been found to 
enhance facial emotion recognition (Willis, Murphy, Ridley, & Vercammen, 2015). 
Finally, studies indicate that the orbitofrontal cortex is involved in the ability to perform 
social judgements. Patients with orbitofrontal damage display impaired moral reasoning, and 
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difficulty judgements making social judgements (Mah, Arnold and Grafman, 2005; 
Ciaramelli et al., 2007a; Viskontas, Possin and Miller, 2007). This includes difficulty in 
judging the emotions and thoughts of other social agents. Patients with orbitofrontal damage 
display impaired theory of mind (Jenkins et al., 2014; Stone, Baron-Cohen, & Knight, 1998). 
Moreover, the orbitofrontal cortex is highly active during emotional and cognitive 
perspective-taking tasks (Hynes, Baird, & Grafton, 2006).  
In summary, lesion and neuroimaging studies have revealed that the orbitofrontal cortex is an 
important structure for social cognition. However, orbitofrontal circuitry has not much been 
studied at the cellular level in relation to social cognition. Optogenetic studies have rarely 
focussed on the orbitofrontal cortex. Rodent models investigating impaired social cognition 
in the context of neurodevelopmental disorders have also rarely examined orbitofrontal 
cortex circuitry. Only one rodent model of neurodevelopmental disorders has conducted in 
vitro patch-clamp electrophysiology in the orbitofrontal cortex. This study revealed changes 
in excitatory circuitry in conjunction with social dysfunction in mice carrying a homozygous 
mutation in Dlgap2 (Jiang-Xie et al., 2014a). Collectively, these studies reveal that little is 
known about how the neural circuitry in orbitofrontal cortex contributes to social cognition. 
1.5 Excitatory circuitry and social cognition 
1.5.1 Excitatory circuitry and neurodevelopmental disorders 
Numerous lines of evidence suggest that the development of excitatory circuitry may be 
disrupted in neurodevelopmental disorders. One line of support stems from genetic studies 
investigating risk variants for neurodevelopmental disorders. Indeed, multiple genes involved 
in synaptic function, development and regulation have been implicated in the aetiology of 
neurodevelopmental disorders such as autism and schizophrenia. Although some of these 
genes are expressed at both excitatory and inhibitory synapses, a large number of these genes 
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have been particularly linked to excitatory synapses (Pocklington, O’Donovan, & Owen, 
2014). This is supported by the presence of excitatory circuitry deficits in multiple rodent 
models carrying genetic risk variants for neurodevelopmental disorders with a genetic 
component (Born et al., 2015; Dani & Nelson, 2009; Etherton, Blaiss, Powell, & Südhof, 
2009a; Harrington et al., 2016; Jiang & Ehlers, 2013; Qiu, Anderson, Levitt, & Shepherd, 
2011; Won et al., 2012). 
Histology studies examining post-mortem brains of individuals with neurodevelopmental 
disorders also indicate that there may be changes in excitatory circuitry. In particular, these 
studies indicate that the formation and pruning of excitatory synapses may be altered in 
disorders of neurodevelopment. A number of studies have reported increased spine densities 
in the brains of individuals with autism, compared to age-matched controls (Hutsler & Zhang, 
2010), and in the visual and temporal lobes of individuals with Fragile X syndrome (Irwin et 
al., 2001). In contrast, a reduction in the number of dendritic spines has been reported in deep 
layer 3 of prefrontal cortex and in the medial temporal lobe in schizophrenia (Garey et al., 
1998; Glantz & Lewis, 2000; Harrison & Eastwood, 1998; Kolluri, Sun, Sampson, & Lewis, 
2005).  
Findings of altered plasma and serum glutamate levels in patients in vivo, and altered 
expression of proteins expressed at excitatory synapses in post-mortem brain tissue lend 
further support to the notion that excitatory circuitry is impaired in neurodevelopmental 
disorders (Harrison & Eastwood, 1998; Purcell, Jeon, Zimmerman, Blue, & Pevsner, 2001a; 
Shinohe et al., 2006). This has led to the proposal that neurodevelopmental disorders may be 
characterised by over or under-active synaptic pruning (Feinberg, 1982; Frith, 2004; Thomas, 
Davis, Karmiloff-Smith, Knowland, & Charman, 2016). 
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However, other research has instead implicated interneuron circuit dysfunction in the 
aetiology of neurodevelopmental disorders. Analyses of post-mortem tissue reveal a 
reduction in expression of the interneuron-specific marker, glutamic acid decarboxylase 67 
(GAD-67) in layers 3-5 of dorsolateral prefrontal cortex in schizophrenic patients (Beasley 
and Reynolds 1997, Volk et al. 2000, Akbarian et al. 1995), as well as reduced expression of 
transcription factors that regulate interneuron development, such as brain-derived 
neurotrophic factor and tropomyosin receptor kinase B (Hashimoto et al. 2005, Weickert et 
al. 2003), and a reduced interneuron density (Benes, McSparren, Bird, SanGiovanni, & 
Vincent, 1991). Reduced GABA-A receptor density has also been observed in the anterior 
cingulate cortex in autism (Oblak, Gibbs, & Blatt, 2009). These studies point to a loss of 
inhibition, which may explain why some neurodevelopmental conditions are associated with 
an increased risk of epilepsy. It is likely that both inhibitory and excitatory circuitry 
disruptions can contribute to the pathophysiology of neurodevelopmental disorders. As a 
result, some researchers have proposed that neurodevelopmental disorders may result from a 
disruption of excitatory/inhibitory balance (Rubenstein & Merzenich, 2003). 
1.5.2 Long and short-range brain connectivity and neurodevelopmental 
disorders 
A recent proposal is that neurodevelopmental disorders are characterised by an imbalance 
between long and short-range connections, leading to altered integration of information. This 
has particularly been suggested in the context of autism spectrum disorders (Courchesne & 
Pierce, 2005). One popular formulation of this theory suggests that long-range connections 
are weaker and local connections are stronger in the brains of autistic individuals.  
There is some evidence for reduced connectivity between brain regions in autism spectrum 
disorders. Autistic individuals display reduced functional connectivity between brain regions 
across a variety of behavioural tasks, including tasks assessing working memory, response 
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inhibition, emotion recognition, executive planning, sentence comprehension and visuomotor 
tasks (Just, Cherkassky, Keller, & Minshew, 2004; Kana, Keller, Minshew, & Just, 2007; 
Koshino et al., 2005; Villalobos, Mizuno, Dahl, Kemmotsu, & Müller, 2005; Welchew et al., 
2005). These studies of functional connectivity implicate multiple brain regions, but reports 
of reduced connectivity are particularly common in the frontal lobe. However, this may 
reflect sample bias owing to the use of tasks that rely on the frontal lobes. Diffusion 
tractography imaging studies also lend support to the notion that long-range connections are 
reduced in autism spectrum disorders; reduced fractional anisotropy of white matter tracts has 
been reported in autistic individuals using tractography imaging (Frazier & Hardan, 2009). In 
particular, reduced white matter integrity has been reported in the corpus callosum 
(Alexander et al., 2007).  
The evidence for increased local connectivity is weaker. One study reported increased 
fractional anisotropy, which suggests denser white matter, mainly concentrated in the frontal 
lobe in children with autism (Ben Bashat et al., 2007). Whilst this may indicate an increase in 
local connectivity, this evidence is highly indirect. In addition, multiple studies have reported 
opposite findings. Indeed, multiple studies observed reduced fractional anisotropy values in 
adolescents and adults with autism, particularly concentrated in the ventromedial/orbital 
prefrontal cortex, anterior cingulate cortex, and temporal lobes (Barnea-Goraly et al., 2004; 
Lee et al., 2007). Other studies report mixed findings, with some areas of increased and some 
areas of reduced fractional anisotropy (Ke et al., 2009).  
The finding of increased dendritic spines in frontal, parietal, and temporal regions layer 2/3 
has also been interpreted as indirect support for this hypothesis, because local connections are 
more prevalent than long-range connections (Courchesne & Pierce, 2005). However, 
dendritic spines in layer 2 and 3 consist of both local and long-range connections. An 
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increase in total number of dendritic spines could reflect an imbalance of short and long-
range connections, or a global increase in the number of all connections. Furthermore, these 
studies provide no information about the strength of short and long-range connections, which 
could also be abnormal. It is also possible that changes in the number of connections occur to 
compensate for reduced synaptic strength of connections. 
More recent studies have instead suggested that there both short and long-range connections 
may be reduced in autistic individuals. Indeed, some studies have found reduced functional 
connectivity both within and between brain regions in autistic individuals (Khan et al., 2013). 
It is also worth noting that some studies report increased long-range functional connectivity, 
most notably in cortico-subcortical connections (Mizuno, Villalobos, Davies, Dahl, & Müller, 
2006). 
Autism spectrum disorders are not the only neurodevelopmental disorder for which there is 
evidence that brain connectivity is altered. Reduced functional connectivity has also been 
reported in schizophrenia (Pachou et al., 2008). Moreover, abnormalities of the corpus 
callosum have been found in William’s syndrome and schizophrenia (Narr et al., 2000; 
Tomaiuolo et al., 2002). 
Collectively, these studies support the idea that brain connectivity is abnormal in disorders of 
neurodevelopment. However, it has proven difficult to ascertain the nature of the 
abnormalities. One potential problem is that there is likely to be considerable variation within 
and across conditions due to symptom and aetiological heterogeneity. It is likely that different 
subgroups of patients may present with different abnormalities. Moreover, the methods used 
to investigate connectivity in individuals with neurodevelopmental disorders are indirect and 
difficult to interpret. For example, changes in fractional anisotropy can reflect myelination, 
density of axons or changes in axonal diameter (Zatorre, Fields, & Johansen-Berg, 2012). 
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Functional connectivity is also difficult to interpret, as it is unclear to what extent functional 
connectivity reflects structural connections (Leopold & Maier, 2012). In addition, these 
techniques do not probe the strength and timing of connections, which could also be altered. 
Invasive techniques combining structural and functional electrophysiological investigation 
are required in order to properly examine the integration of short and long-range connections.  
1.5.3 Maturation of excitatory circuitry and social cognition 
Excitatory circuits can be altered by social experience during sensitive periods of social 
development. This has predominantly been studied in rodents during the “juvenile play 
period”, a period of rodent social development from around P21 - P36 during which 
experience is vital for shaping later social behaviour. Immunohistochemical investigations 
suggest that social isolation during development may alter the properties of excitatory 
circuitry. However, the direction of change has not always been consistent. Multiple studies 
have reported reduced expression of markers of excitatory synapses, including synapsin 1, 
PSD-95, GluR1 and NR1 after social isolation (Hermes, Li, Duman, & Duman, 2011; Y. 
Zhang et al., 2012). More recently, however, increased mRNA expression of presynaptic 
excitatory (glutamate) markers vGlut1, EAAT1 and GLS1 was found in mouse medial 
prefrontal cortex after social isolation from P38, with no change in expression of inhibitory or 
myelin markers (Lander, Linder-Shacham, & Gaisler-Salomon, 2017). Differences in results 
may stem from differences in the time period during which social isolation occurred, as well 
as differences on the effect of social experience on different brain regions. 
Histological studies of dendritic spines also support the notion that social experience can 
modify excitatory circuitry, and that effects may depend on the brain region investigated. In 
one study, 8 weeks of social isolation from P21 onwards resulted in a reduction in the number 
of dendritic spines in the hippocampus and medial prefrontal cortex of rats (Silva-Gómez, 
Rojas, Juárez, & Flores, 2003). Increased spine density, dendritic length and dendritic 
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complexity of pyramidal neurons has also been reported in the anterior cingulate cortex of 
rats isolated from P21 (Bock, Murmu, Ferdman, Leshem, & Braun, 2008). In contrast, social 
isolation leads to reduced apical dendritic length and complexity in the orbitofrontal cortex 
(Bock, Murmu, Ferdman, Leshem, & Braun, 2008), whilst experience with a greater number 
of social partners during development leads to more complex dendritic branching of 
pyramidal neurons in rat orbitofrontal cortex. However, histological studies have also 
suffered from inconsistent results. One study reported increased complexity of dendritic 
branching in the medial prefrontal cortex after social isolation during development, which is 
at odds with the results found by Silva-Gomez et al 2003 (Bell, Pellis, & Kolb, 2010a). 
Moreover, a different study found an inverse correlation between social behaviours and 
apical dendrite length in the orbitofrontal cortex (Ferdman et al., 2007), which contrasts with 
the results reported by Bock et al 2008. One possible explanation for discrepancies in 
findings may be differences in the age at which rat brains were examined after testing.  
In summary, rodent studies indicate that social experience may shape the post-natal 
development of excitatory circuitry in the prefrontal cortex. However, the manner in which 
social experience affects excitatory circuitry development remains unclear. In addition, 
studies so far have concentrated on structural properties of excitatory synapses. It is possible 
that the functional properties of excitatory synapses are also modified by social experience. 
1.5.4 Long-range connectivity and social cognition 
Multiple studies indicate that abnormal long-range connectivity may contribute to impaired 
social cognition. In one functional connectivity study, mice socially isolated during 
adolescence were found to display abnormal connectomes, including significantly increased 
connectivity in right dorsolateral orbitofrontal cortex, entorhinal cortex and perirhinal cortex. 
Notably, the greatest abnormalities were concentrated around the right dorsolateral 
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orbitofrontal cortex, with increased connectivity between regions, and reduced modularity 
within the orbitofrontal cortex (Liu et al., 2016). 
Altered long-range connectivity has also been reported in other mouse models displaying 
social impairment. For example, mice with reduced microglia during the early postnatal 
period as a result of knockout of the mouse chemokine receptor, Cx3cr1, display reduced 
functional connectivity between the dorsal hippocampus and the medial prefrontal cortex, in 
conjunction with diminished social motivation (Zhan et al., 2014). Moreover, mice with 
deficient immunity display both reduced social interaction, and hyper-connectivity between 
prefrontal and insular regions (Filiano et al., 2016). 
Myelination in the prefrontal cortex may be particularly important for social cognitive 
development. Social isolation for 2 weeks after weaning in mice alters oligodendrocyte 
morphology and myelin thickness in the medial prefrontal cortex, without affecting 
oligodendrocyte density (Liu et al., 2012; Makinodan et al., 2016; Makinodan, Rosen, Ito, & 
Corfas, 2012). Treatment with clemastine in the medial prefrontal cortex can reverse social 
avoidance in socially isolated mice if mice are isolated from adulthood only (Liu et al., 
2016a), but not if social isolation occurs during the P21-P35 period (Makinodan et al., 2012). 
The notion that changes in white matter support social development is corroborated by 
human imaging studies demonstrating increases in white matter fractional anisotropy during 
adolescence, which is an important period of social development (Barnea-Goraly et al., 2005; 
Choudhury et al., 2006). 
1.6 Rodent models of neurodevelopmental disorders 
1.6.1 What are rodent models good for? 
Studies of neurological basis of neurodevelopmental/psychiatric disorders in humans suffer 
from limitations. First, only non-invasive techniques can be used, such as neuroimaging, or 
65 
 
histological measures from post-mortem tissue. These provide only limited insight into 
cellular and molecular mechanisms. Second, there is considerable heterogeneity across 
individuals with the same condition. This includes heterogeneity both in symptoms and in 
aetiology. Neurodevelopmental and psychiatric disorders are complex disorders that typically 
include a genetic and an environmental component.  Different individuals with the same 
condition can present with completely non-overlapping sets of symptoms. Different 
individuals can also carry distinct genetic and environmental risk factors for disease. Even in 
individuals carrying the same genetic mutations, there will be variability as a result of 
different genomes and different environmental factors. This variability makes it difficult to 
identify cellular and molecular mechanisms of disease. 
Rodent models offer a possibility to address some of these limitations. Rodent models offer a 
“way in” to studying the cellular and molecular mechanisms in more detail with in vivo and 
in vitro techniques. Rodent models also offer the advantage that it is possible to study single 
genetic or environmental factors in isolation, with other genetic and environmental 
background factors held constant. Rats and mice possess many similarities with humans in 
terms of genetics and environments. The mouse genome has more than 99% similarity to the 
human genome, making it a good tool to study the effect of genetic mutations. Since rats and 
mice are commensal to humans, they have also encountered similar environments as humans, 
and may have been shaped in similar ways by the environment. 
However, rodent models suffer from limitations and there are many challenges in developing 
good rodent models of neurodevelopmental and psychiatric disorders. Diagnosis in 
psychiatry relies on subjective assessment of symptoms, rather than objective tests of 
biological markers. Hence, the face validity of a rodent model in representing different 
symptoms or behaviours is important (Chadman, Yang, & Crawley, 2009).  However, it is 
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not clear how translatable mouse behaviours are to human symptoms. Rodents are not small 
humans, and certain behaviours may be species-specific. Hence, some symptoms may be 
unable to be modelled in rodents. For example, language impairments cannot be modelled in 
rodents.  
A second issue stems from the heterogeneity of psychiatric and neurodevelopmental 
disorders. The aetiology of psychiatric and neurodevelopmental disorders is complex, 
typically resulting from genetic, environmental, and epigenetic factors. The genetics itself are 
also complex, resulting from a combination of low-risk common variants, and rarer, higher-
risk variants (Manolio et al., 2009). Variability is also present at the level of phenotype; it is 
possible for two individuals to have completely non-overlapping symptoms, despite sharing 
the same diagnosis. Likewise, it is possible for symptoms to overlap in two individuals 
diagnosed with different conditions. As a result, it is unlikely that a single rodent model could 
encapsulate all features of a condition.  
Issues relating to the complex aetiology of neurodevelopmental and psychiatric conditions 
impact on the question of the construct validity of rodent models (Chadman et al., 2009). This 
refers to the extent to which a rodent model recapitulates the aetiological processes e.g. 
genetic or environmental that contribute to a disorder. The extent to which a rodent model 
possesses construct validity is unclear in the case of complex neurodevelopmental and 
psychiatric conditions, where genetic risk factors possess incomplete penetrance, are 
heterogeneous across individuals, and display overlap across conditions (Nestler & Hyman, 
2010).   
As a result, it is recognised that not all features of a condition can be encapsulated using a 
single mouse model. Instead, different models may be used to investigate different 
components of a condition. One approach to translating findings from mouse models back to 
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humans is the “endophenotype” approach, which moves away from a focus on individual 
symptoms towards a focus on stable phenotypes that have a clear genetic connection (Gould 
& Gottesman, 2006). These phenotypes can be either behavioural or biological. In addition, 
multiple researchers have argued for a move away from focussing on modelling symptom 
clusters and individual conditions, towards a focus on determining how specific neural 
circuits contribute to distinct behaviours that cross clinical boundaries (Insel & Cuthbert, 
2015). 
1.6.2 Rodent models of social cognition 
Human social cognition is highly sophisticated. It incorporates cultural values and relies on 
language. Some have argued that aspects of social cognition are “uniquely human” and that 
our social cognitive abilities far exceed those of other animals (Saxe, 2006). What does this 
mean for modelling of social cognition in rodents?  
Whether or not non-human animals display more complex social abilities such as theory of 
mind or empathy has been much debated and is unclear (Ben-Ami Bartal, Decety, & Mason, 
2011; Heyes, 1993; Silberberg et al., 2014). However, rodents are social animals that engage 
in high levels social behaviours. These behaviours include reciprocal social interactions, 
sexual behaviour, aggressive behaviours, scent marking, parenting behaviours and communal 
nest building, as well as juvenile play behaviours. 
1.6.2.1 Reciprocal social interactions 
Reciprocal interactions between pairs or groups of rodents can be measured by placing 
animals in a testing arena or cage and recording their interactions (Bolivar, Walters, & 
Phoenix, 2007). Multiple social behaviours can be scored in terms of their duration and 
number. This includes measurement of sniffing (e.g. nose-to-nose, anogenital, and body 
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sniffing), following/chasing, crawling under/over, mounting and wrestling, as well as 
measures of aggressive behaviours.  
In juvenile animals, juvenile play behaviours can also be assessed. Juvenile and adolescent 
rodents engage in play behaviours, and are highly rewarding (Panksepp, 1981; Trezza, 
Baarendse, & Vanderschuren, 2010). Rats engage in higher levels of juvenile play than mice. 
To investigate juvenile play, the frequency and duration of play behaviours, such as pinning, 
pouncing, boxing and wrestling is typically measured. A more complete description of the 
functions of juvenile play is provided in chapter 4. 
Social interaction measures provide insight into the social behaviours of test rodents but 
suffer from limitations. First, the behavioural measures are fairly non-specific. If interaction 
is altered, it is difficult to ascertain the underlying deficit. For example, does the change in 
behaviour reflect a change in social motivation, or an inability to perform appropriate social 
responses? Second, we possess limited insight into the structure of “normal” social 
interactions in mice. Thus, we are limited to quantitative measures rather than being able to 
tell if interactions differ in quality. Limited understanding of rodent social behaviours also 
feeds into the difficulty in determining the nature of changes in social interactions. Third, 
social interaction is reciprocal and the behaviour of one animal is likely to be impacted by the 
behaviour of the other. Thus the interpretation of the behaviour of one animal is confounded 
by the reaction of the other animal. 
1.6.2.2 Social approach 
The three-chamber social approach task provides a way to measure social motivation (i.e. the 
tendency to engage in social approach) independently of other facets of social behaviour, or 
of the behaviour of the partner animal (Moy et al., 2009). Here, the test animal is placed in a 
three-chambered box comprising an atrium which allows access to two side chambers with 
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wire cups in them. One side chamber contains a partner conspecific trapped in the wire cup. 
The wire cup in the other side chamber either contains an object or is left empty. Preference 
for social stimuli over non-social stimuli is measured by comparing time spent in either side 
chambers. This provides a clearer measure of social motivation. However, it may be 
confounded by issues such as anxiety (animals that are more anxious may be more likely to 
avoid social contact). 
1.6.2.3 Social preference tests 
In these tests, rodents are given the choice between different partners. This can be conducted 
in a three-chamber or a Y maze using the two side arms. This can be used to determine 
whether rodents can differentiate between social partners with different characteristics. For 
example, social recognition memory can be tested by measuring preference for a novel 
partner over a familiar partner (McFarlane et al., 2008). 
1.6.2.4 Resident-intruder tasks 
This task is used to assess aggression by placing one rodent in the cage of another rodent. 
This can be used to measure both offensive and defensive aggression between the “intruder” 
animal and the “resident” animals (Koolhaas et al., 2013). 
1.6.2.5 Olfactory pheromones 
Olfactory cues act as a key communicative signal in rodents. One source of olfactory cue 
consists of urinary deposits. These carry information about the characteristics of an animal 
(for example, sex) and elicit high levels of investigation from other mice (Arakawa, 
Blanchard, Arakawa, & Dunlap, 2008). The interest in social urinary odours exceeds levels of 
interest towards non-social odours. The duration and number of sniffing bouts elicited from 
different urinary deposits can be used as a marker of social motivation. In addition, repeated 
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presentation of a urinary odour followed by the presentation of a novel odour can be used to 
measure recognition of social odours using an olfactory habituation/dishabituation paradigm 
(Yang, Crawley, Yang, & Crawley, 2009). In addition, urinary deposits also function as 
territorial scent marks. The number of scent marks made in proximity to an olfactory cue can 
be used as a measure of social motivation and olfactory communication (Arakawa et al., 
2008). 
1.6.2.6 Ultrasonic vocalisations 
High-frequency complex ultrasonic vocalisations are a second for of communicative signal 
used by rodents. These can be captured by sensitive microphones and advanced software 
designated to capture sounds in the ultrasonic range. Ultrasonic vocalisations are emitted in a 
range of social situations, including by pups upon separation from the nest, by juvenile 
animals during social interactions, by males upon presentation of female urine or during 
social interaction with a female, and by female mice in a resident-intruder paradigm (Branchi, 
Santucci, & Alleva, 2001; Holy & Guo, 2005; Knutson, Burgdorf, & Panksepp, 1998a, 2002; 
Moles, Costantini, Garbugino, Zanettini, & D’Amato, 2007).  
However, the structure and meaning of ultrasonic vocalisation calls is still largely unknown. 
It is unclear how ultrasonic vocalisations map onto different social situations or behaviours. 
Some broad divisions can be recognised. For example, researchers distinguish between lower 
frequency “flat” vocalisations which cluster around the 25 kHz range, and higher-frequency 
vocalisations that can range from 30-80 kHz and average around 50 kHz. The latter has been 
found to be predominantly emitted during aversive situations, whilst the former occur during 





The aim of this thesis is to examine the contribution of excitatory circuitry within the 
orbitofrontal cortex to social cognition using a combination of behavioural testing and in 
vitro single-cell patch-clamp electrophysiology.  
I begin by investigating the contribution of orbitofrontal circuitry to social dysfunction in a 
mouse model carrying a genetic deletion that is a risk factor for multiple neurodevelopmental 
disorders (chapters 2- 3). Previous experiments have demonstrated that these mice display 
impaired social behaviour and may be a good model of impaired social cognition (Grayton, 
Missler, Collier, & Fernandes, 2013). In chapter 2, I seek to assess the validity of this mouse 
line as a model of social dysfunction and to further characterise this phenotype. In chapter 3, I 
investigate whether abnormal social behaviour was accompanied by disrupted excitatory 
circuitry within the orbitofrontal cortex using single-cell patch-clamp electrophysiology in 
orbitofrontal cortex brain slices.  
The second part of this thesis investigates the role of sensory experience in shaping the 
development of social cognition and the orbitofrontal cortex (chapters 4-5). This is achieved 
by depriving rodents of whisker input during a sensitive period of social development. 
Chapter 4 concentrates on the effect of this manipulation on social development. Finally, in 
chapter 5, I investigate the impact of sensory deprivation on the development of “social 




2 Abnormal social behaviour in the Nrxn1α KO mouse model of 
neurodevelopmental disorders 
2.1 Introduction 
2.1.1 Social cognition in neurodevelopmental disorders 
Impaired social cognition is a feature of many neurodevelopmental disorders (see section 
1.1.3). For instance, abnormal social behaviour is one of the diagnostic features of autism 
spectrum disorders (DSM-V). Impaired social cognition is also recognised as an important 
feature of schizophrenia, although it is not a diagnostic feature of the condition (Penn et al., 
1997; Penn, Sanna & Roberts, 2008; Green & Horan, 2010). In addition, altered social 
cognition has been observed in other neurodevelopmental conditions possessing a strong 
genetic component, such as William’s syndrome, Fragile X syndrome, and Turner’s 
syndrome (Bellugi et al., 2000; McCauley et al., 1987; Laws & Bishop, 2004; Cornish et al., 
2005).  
There are both similarities and differences in the profile of impaired social cognition across 
neurodevelopmental disorders. Similarities in deficits have been reported across numerous 
facets of social cognition. Impaired theory of mind has been observed in autism spectrum 
disorders, schizophrenia, and William’s syndrome (Baron-Cohen et al., 1985; Bora, Yucel, & 
Pantelis, 2009; Frith & Corcoran, 1996b; Perner, Frith, Leslie, & Leekam, 1989; Porter, 
Coltheart, & Langdon, 2008; Tager-Flusberg & Sullivan, 2000). Difficulties with joint 
attention and pointing are present in children with autism spectrum disorders, as well as some 
children with William’s syndrome (Mundy et al., 1986; Baron-Cohen, 1989; Lincoln et al., 
2007). In addition, there are similar difficulties with emotion recognition and perception of 
social cues in autism spectrum disorders, William’s syndrome, Turner’s syndrome and 
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schizophrenia (Adolphs, Sears, & Piven, 2001; McCauley et al., 1987; Brune, 2005b; 
Lacroix, Guidetti, Rogé, & Reilly, 2009; Loveland et al., 1995; Walker, Marwit, & Emory, 
1980). Individuals with autism spectrum disorders struggle to read emotions from faces and 
eyes, and make inappropriate judgements of trustworthiness from faces (Adolphs et al., 2001) 
and are poorer at interpreting emotions (Loveland et al., 1995). Individuals with 
schizophrenia are impaired also at emotion recognition (Brune, 2005; Walker et al., 1980). 
Difficulties interpreting facial expressions have also been reported in William’s syndrome 
(Lacroix et al., 2009; Meyer-Lindenberg et al., 2005; Plesa-Skwerer et al., 2006). Finally, 
“inappropriate” behaviour, aggressive outbursts and disinhibition have been described in 
individuals with autism spectrum disorders, schizophrenia, William’s syndrome, and Prader-
Willi syndrome (Dimitropoulos, Ho, Klaiman, Koenig, & Schultz, 2009; Einfeld et al., 1997; 
Einfeld, Tonge, Turner, Parmenter, & Smith, 1999; Hoptman et al., 2010). For example, 
individuals with autism spectrum disorders often engage in “inappropriate” responses to 
social situations, such as engaging in embarrassing behaviours in public, or aggression 
(Bartak & Rutter, 1976). Individuals with autism spectrum disorders, and Prader-Willi 
syndrome both display behavioural difficulties and disinhibition (Dimitropoulos et al., 2009; 
Einfeld et al., 1999) Likewise, individuals with William’s syndrome also display 
“inappropriate” social behaviour, such as inappropriate trustworthiness of strangers, 
disinhibition and behavioural problems (Einfeld et al., 1997).  
There are also notable differences between the social profiles of individuals across different 
neurodevelopmental disorders. For example, individuals with autism spectrum disorders 
often display reduced motivation to engage in social interaction (Chevallier, Kohls, Troiani, 
Brodkin, et al., 2012), and individuals with schizophrenia display social withdrawal 
(Blanchard, Bellack, & Mueser, 1994). In contrast, children diagnosed with William’s 
syndrome are hypersociable (Dodd & Porter, 2010; Jones et al., 2000). In addition, 
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individuals with autism spectrum disorders tend to show reduced preference for looking at 
faces and engaging in eye contact (Mundy et al., 1986), whereas individuals with William’s 
syndrome display increased interest in faces and eyes than controls (Riby & Hancock, 2008; 
Riby & Hancock, 2009; Riby & Hancock, 2009). 
Importantly, impairments in social cognition in neurodevelopmental disorders are also 
characterised by variability within individuals with the same condition.  This is particularly 
notable in the case of social motivation in individuals with autism spectrum disorders. Many 
individuals with autism spectrum disorders display reduced attention to social stimuli and 
lack of interest in social interaction are often reported in ASDs (Baron-Cohen & 
Wheelwright, 2003; Leekam & Ramsden, 2006; Liebal, Colombi, Rogers, Warneken, & 
Tomasello, 2008; Osterling, Dawson, & Munson, 2002). However, this is not the case for all 
individuals with autism spectrum disorders. Whilst some children appear disinterested and 
“socially aloof”, or engage passively in social interaction, others display heightened, 
persistent motivation to interact socially in a manner that is “odd” and leads to social 
rejection (Wing & Gould, 1979). This is more similar to the “hypersociability” described in 
individuals with William’s syndrome (Davies, Udwin, & Howlin, 1998; Jones et al., 2000).  
This variability in symptoms has important implications for attempts to understand the 
genetic, molecular and cellular mechanisms underlying impaired social cognition in 
neurodevelopmental disorders. Rather than considering impaired social cognition as a single 
uniform construct, it is important to remember that individuals can present with distinct social 
profiles. Different social cognitive impairments may arise from disruption of distinct neural 
mechanisms. Hence, it is important to understand how neural circuitry gives rise to different 
aspects of social cognition, and to ensure that all aspects of impaired social cognition are 
given attention at the behavioural, cognitive, and neural levels.  
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2.1.2 Cognitive deficits and neurodevelopmental disorders 
Cognitive deficits are common in individuals with neurodevelopmental disorders. The extent 
of these cognitive impairments can vary widely. Many individuals with neurodevelopmental 
disorders display intellectual disability (ID) characterised by pervasive deficits in learning, 
memory, language and speech. For example, comorbid intellectual disability is present in 
around 50-70% of individuals with ASDs, and around 5% of individuals with schizophrenia 
(Fombonne, 2003; Morgan, Leonard, Bourke, & Jablensky, 2008a). In addition, cognitive 
deficits are apparent in many individuals who do not meet the criteria for intellectual 
disability. For instance, cognitive deficits are observed in first-episode patients with 
schizophrenia who have not yet received any treatment (Mohamed et al., 1999). Cognitive 
impairments are also seen in individuals with autism spectrum disorders (Rutter, 1983). 
Difficulties with executive function, such as impairments in attention, working memory, and 
problem-solving, are particularly common (Green et al., 2004; Hughes, Russell, & Robbins, 
1994).  
The relationship between social and non-social cognition has been the subject of much 
debate. The structure of social cognition is largely unknown (see Happe & Frith 2014). Some 
have argued that we possess “specialised”, modular cognitive and neural processes for social 
cognition that are distinct from those engaged during non-social cognitive processes 
(Brothers, 1996). In contrast, others have maintained that social and non-social cognition rely 
on shared cognitive and neural resources (Heyes, 2012). 
As a result, the relationship between social impairments and non-social cognitive deficits in 
individuals with neurodevelopmental disorders is unclear. There has been debate with regards 
to whether impairments in social and non-social cognition are related, and specifically, 
whether or not impairments in one domain are secondary to the other. One account of social 
impairments in individuals with neurodevelopmental disorders such as autism proposes that 
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these impairments occur as a result of cognitive deficits. In particular, researchers have 
suggested that impairments in theory of mind arise due to deficits in executive function, or 
language (Ozonoff, Pennington, & Rogers, 1991; Joseph & Tager-Flusberg, 2004). The 
notion that social cognitive impairments are caused by cognitive deficits has received some 
support. The risk of autism spectrum disorder increases with lower IQ (Wing & Gould, 
1979), and IQ is a strong predictor of psychosocial outcome in individuals with autism 
(Rutter, 1970). In addition, there is a relationship between executive function and theory of 
mind in developing children (Ozonoff & McEvoy, 1994). However, the presence of a 
relationship does not imply causality; a different account is that deficits in executive function 
are secondary to social impairments in processes such as theory of mind. Indeed, a separate 
study found that while theory of mind and executive function were highly related in autistic 
children, impaired theory of mind was observed in the absence of executive dysfunction in 
some children, whilst the converse was not seen (Pellicano, 2007). 
However, other lines of research suggest that social and non-social cognitive deficits are 
separate and arise from distinct mechanisms. Multiple studies have failed to find a 
relationship between cognitive and social cognitive symptoms in individuals with 
neurodevelopmental disorders. Twin studies investigating the heritability of these symptoms 
likewise suggest that social and non-social cognitive symptoms arise from largely non-
overlapping genetic factors (Ronald, Happe, & Plomin, 2005; Ronald et al., 2006). In 
addition, there is evidence at the neural level suggesting that social and non-social cognition 
rely on distinct mechanisms; some brain regions appear to be preferentially involved in 
processing social stimuli (Kanwisher et al., 1997; Saygin, 2007). Lastly, there is evidence of 
“double dissociations” between social and non-social cognition in individuals with 
neurodevelopmental disorders. For example individuals with Down’s syndrome have 
intellectual impairments with an apparent sparing of social cognition (Rosner et al., 2004), 
77 
 
whereas high-functioning individuals with ASD display abnormal social behaviour in the 
absence of prominent cognitive deficits (Baron-Cohen et al., 1997, 1985). However, 
questions have been raised as to whether or not “spared” abilities are truly intact in these 
conditions, and the legitimacy of invoking “double dissociations” in the context of 
neurodevelopment has been questioned (Karmiloff-Smith et al., 2012; Karmiloff-Smith, 
Scerif, & Ansari, 2003). 
2.1.3 Genetics and neurodevelopmental disorders 
Human diseases vary in their genetic architecture. Simple Mendelian disorders are caused by 
a single genetic mutation and display a clear pattern of inheritance. In other conditions, 
multiple genetic factors can contribute to risk for disease, and there is no clear-cut pattern of 
inheritance. These are called complex, or multifactorial, conditions. In these conditions, both 
rare, moderate-risk and common, low-risk variants in multiple genes, and environmental 
factors may contribute risk for disease.  
Genetics plays a considerable role in the majority of neurodevelopmental disorders. Some 
neurodevelopmental disorders are caused by known genetic abnormalities. For example, 
Down’s syndrome is caused by the possession of a third copy of the genes on chromosome 
21, and Fragile X syndrome is caused by an increase in trinucleotide repeats on the FMR1 
gene (Lejeune, Gautier, & Turpin, 1959; Verkerk et al., 1991). However, other 
neurodevelopmental conditions such as autism spectrum disorders and schizophrenia also 
possess a considerable genetic component. Twin studies indicate heritability estimates 
between 56-95% for autism spectrum disorders (Bailey et al., 1995; Colvert et al., 2015). 
Heritability estimates of 40-80% have been found for schizophrenia (Sullivan, Kendler, & 
Neale, 2003b). The importance of genetics in conditions like autism is supported by the 




Although monogenic causes can be found in about 5 % of individuals with autism spectrum 
disorders (Abrahams & Geschwind, 2008), the genetic architecture of autism spectrum 
disorders and schizophrenia is complex; multiple genetic variants may contribute risk for the 
conditions, and environmental and epigenetic factors may also play a role (Manolio et al., 
2009). This complex genetic architecture poses a considerable challenge for understanding 
the genetic aetiology of these neurodevelopmental disorders. Difficulty elucidating the 
genetics of neurodevelopmental and psychiatric conditions is compounded by the fact that 
there is both locus and allelic heterogeneity in the genetic factors contributing to risk. In 
addition, there is considerable genetic overlap across neurodevelopmental and psychiatric 
conditions (Crespi, Stead, & Elliot, 2010). 
One approach to elucidating the genetic aetiology of complex disease assumes that common 
conditions are caused by a number of common variants that each explain several percent of 
the risk (the “common disease-common variant” approach) (Lohmueller et al., 2003; 
Pritchard, 2001; Reich and Lander, 2001). Initial searches for common risk variants using 
genome-wide association (GWA) studies had mixed success. Common, low-risk variants 
have been identified in schizophrenia (Maher, 2008; Manolio et al., 2009), but attempts have 
proven less successful for autism spectrum disorders (Anney et al., 2012). More recently, 
progress has been made in identifying common genetic risk factors for psychiatric diseases in 
the form of small nucleotide polymorphisms (SNPs). These consist of common DNA 
sequence variations in coding and non-coding regions of the DNA. Over 108 SNPs have been 
identified as risk factors for schizophrenia (Ripke et al., 2014). It is now clear from these 
studies, however, that each of these common variants accounts for only a very small 
proportion of the overall heritability. It is estimated that common, low-risk variants contribute 




A second approach assumes that these conditions are caused by rare variants of larger effect 
size (Cirulli & Goldstein, 2010; Manolio et al., 2009). Copy number variants (CNVs) 
represent one example of such genetic variants (Mitchell, 2011; Sebat et al., 2007). CNVs are 
deletions, duplications, insertions, inversions, or complex recombinations of a small portion 
(50 base pairs to several megabases) of DNA. Since CNVs are rare events that often occur in 
isolated cases, they are not easily observable through GWA studies, which rely on detection 
of common variants that occur more frequently in cases than controls. CNVs are also too 
small to be detected through fluorescent in-situ hybridisation (FiSH), but can be observed 
through newer methods of microarray comparative in-situ hybridisation and exome 
sequencing (Slavotinek, 2008).  Recent studies have indicated that rare copy number 
variations (CNVs) may contribute to the aetiology of ASDs and other neurodevelopmental 
disorders (Cook & Scherer, 2008; Grayton, Fernandes, Rujescu, & Collier, 2012; Mitchell, 
2011). Indeed, CNVs occur more frequently in ASDs and in schizophrenia compared to the 
general population (Jacquemont et al., 2006; Levy et al., 2011; Sebat et al., 2007). These 
CNVs are most often de novo in origin, although inherited CNVs have also been observed in 
a smaller number of cases (Levy et al., 2011; Sebat et al., 2007; Xu et al., 2008).  
CNVs may provide an easier “way in” to the study of the genetics underlying 
neurodevelopmental disorders. CNVs carry greater risk for disease than common variants, 
although penetrance is incomplete (Grayton et al., 2012; Vassos et al., 2010). In addition, 
although individual CNVs are rare, genome-wide analyses indicate that CNVs at particular 
chromosomal locations may confer particular risk for ASDs (Levy et al., 2011; Sanders et al., 
2011). Finally, there is considerable convergence between the genes and pathways identified 
in SNP and CNV studies (Ripke et al., 2014). 
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Whilst attempts to uncover the genetics of complex neurodevelopmental disorders have 
identified risk variants across a wide range of genes, these risk variants appear to converge 
onto similar biological pathways. The majority of genetic risk variants identified in autism 
spectrum disorders involve genes that converge onto pathways involved in neuronal 
signalling and development, chromatin remodelling and synaptic function (Pinto et al., 2014). 
In particular, many risk factors for both schizophrenia and autism affect “synaptic” genes 
(Fromer et al., 2014; Kenny et al., 2014). This discovery converges with evidence from 
neuropathology and gene expression studies suggesting that impaired synaptic transmission 
contributes to schizophrenia and autism. 
2.1.4 Mouse models of social cognitive impairment 
One approach to exploring the contribution of genetic risk variants to neurodevelopmental 
disorders is through mouse models. Genetically modified mice can be used to investigate the 
circuits and mechanisms underlying different behaviours, including social behaviours. 
Mice are a social species that engage in multiple forms of social interaction. Murine social 
behaviours include direct interaction, dominance and territory marking behaviours, 
aggressive behaviours and communal nest building. Although some aspects of social 
interaction are species-specific, mouse social behaviours are considered to bear some 
relevance to human social behaviours. Hence, mice can be used to explore the neural basis of 
simple social behaviours. 
A number of tasks are available to study rodent social behaviours. Reciprocal social 
behaviours can be assessed in a direct social interaction task, which measures social 
behaviours such as sniffing and following, allogrooming and aggression. This provides a 
broad measure of the social behaviour displayed by the test mouse, and the ability to engage 
in reciprocal social behaviour. The motivation to engage in social behaviour (social 
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approach) can be more specifically assessed using a three-chamber social approach task, 
which measures the time a test mouse spends in a chamber containing a mouse placed under a 
wire cup compared to a chamber containing an object of similar size and shape (Nadler et al., 
2004). By placing the social stimulus mouse under a wire cup, this provides a more stringent 
measure of sociability as it minimises the potential confound of the stimulus mouse’s 
motivation to engage in, and initiating interaction. As a result, sociability of the test mouse 
can be easily quantified. This test is considered to model the abnormal social approach 
behaviours seen in neurodevelopmental conditions such as autism spectrum disorders. In 
addition, this task can be used to measure social recognition of conspecifics. This variant can 
be used to model social recognition deficits. 
Other aspects of social behaviour that can be investigated in mice include aggressive 
behaviour, dominance and hierarchical behaviours, and social learning. Aggression can be 
investigated both during direct social interaction, and in a resident-intruder paradigm, which 
instigates territorial aggression in a “resident” mouse by placing an “intruder” mouse in the 
resident’s homecage (Koolhaas et al., 2013). This task can be used to measure defensive and 
offensive aggression in a manner that is thought to bear resemblance to human aggressive 
behaviour. Social dominance has been studied using a “tube” test. Here, two mice are placed 
at opposite ends of a tube and dominance is assessed by identifying the mouse that first 
pushes the other out of the tube (Lindzey, Manosevitz, & Winston, 1966). Finally, social 
learning can be assessed using observational fear learning tasks. Observational fear learning 
tasks assess the ability of a rodent to learn to respond to an aversive stimulus through 
observation of a conspecific (Jeon & Shin, 2011). Some researchers have argued that this test 
may provide a test of empathy, although whether or not rodents possess empathy has been 
highly debated (Ben-Ami Bartal et al., 2011; Heyes, 1993; Silberberg et al., 2014). However, 
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as a minimum, this task provides a measure of the ability of mice to detect and use socially 
transmitted information. 
Social communication can be measured in mice by examining olfactory communication and 
ultrasonic vocalisations. Mice emit ultrasonic vocalisations in a variety of situations, 
including upon separation from the nest/mother in pups, during play in juvenile animals, 
during male-female interactions, during aggressive encounters and in response to urinary 
deposits (Branchi, Santucci, & Alleva, 2001; Brudzynski, 2013; Nyby, 1983; Scattoni, 
Crawley, & Ricceri, 2009). These act as a form of communication, although their meaning is 
not well understood. In addition, olfactory signals appear to act as a communicative signal. 
Mice display high levels of interest in urinary scents, and can discriminate between different 
conspecifics from urinary deposits. Urinary deposits also act as a territorial marker. As a 
result, both ultrasonic vocalisations and scent marking behaviour are considered ethologically 
valid measures of communication deficits in neurodevelopmental disorders (Wöhr & 
Scattoni, 2013). 
Nonetheless, there are limits to the study of social behaviours and modelling of social 
dysfunction in rodents. Whilst social motivation can be altered in individuals with impaired 
social cognition, alterations are also seen in the quality of social interaction. However, rodent 
tasks assessing social interaction are better able to measure the quantity of social interaction 
than the quality of social interaction. Tapping into the quality of rodent social interaction is 
difficult, because of our lack of understanding of the components of rodent social behaviour, 
and of what constitutes adaptive and non-adaptive interactions for rodents. In addition, 
multiple aspects of human social cognition appear beyond the scope of testing in mice. For 
example, there are no tests to measure emotion recognition, or knowledge of social “rules”. 
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Some aspects of social cognition that depend on conscious awareness, such as theory of 
mind, or empathy, may not be displayed by mice.  
2.1.5 The Neurexin genes 
The mammalian neurexins are a set of three genes (NRXN1, NRXN2, NRXN3) encoding 
pre-synaptic cell-adhesion proteins. Each NRXN gene encodes two major isoforms (α-
NRXNs and β-NRXNs) under the control of distinct promoters (Ushkaryov, Petrenko, 
Geppert, & Südhof, 1992). The larger α-NRXN mRNA is transcribed from the upstream 
promoter, generating a protein containing six extracellular N-terminal LNS (laminin, NRXN, 
sex-hormone-binding globulin) domains, whilst the shorter β-neurexin mRNA is transcribed 
from the downstream promoter, generating a protein with only one LNS domain. These genes 
possess multiple alternative splicing sites generating thousands of isoforms (Missler & 
Südhof, 1998; Ullrich, Ushkaryov, & Südhof, 1995). The large number of neurexin isoforms 
determines their binding partners and may contribute to specification of synaptic function 
(Aoto, Martinelli, Malenka, Tabuchi, & Südhof, 2013). Whilst neurexin genes were 
originally believed to play a role in synapse formation, more recent evidence has indicated a 
role in synaptic function (Born et al., 2015; Cao, 2017; Etherton et al., 2009; Missler, Zhang, 
Rohlmann, Kattenstroth, Hammer, Gottmann, & Südhof, 2003). 
Mutations in neurexins have been linked with neurodevelopmental and psychiatric disorders. 
Microdeletions in the NRXN1 have been persistently associated with neurodevelopmental 
and psychiatric disorders. NRXN1 is located on chromosome 2p16.3 in humans and is one of 
the largest human genes (1.1 Mb with 24 exons). It encodes the neurexin-1 proteins, 
Neurexin-1α and neurexin-1β. Neurexin-1α was first discovered as a receptor for the 
neurotoxin alpha-latroxin (Geppert et al., 1998; Sugita, Khvochtev, & Südhof, 1999; 
Ushkaryov et al., 1992). It has since been found to play a role in synaptic function, in 
particular, in regulating pre-synaptic neurotransmitter release (Etherton et al., 2009). 
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Microdeletions in NRXN1-α display incomplete penetrance and can lead to a heterogeneous 
phenotype of varied severity (Todarello et al., 2014). The link between mutations in NRXN1 
and neurodevelopmental/psychiatric conditions was first established for autism, where 
microdeletions in the promoter and first exon of NRXN1-α were identified as risk factors 
(Kim et al., 2008; Yan et al., 2008). Since then, mutations in NRXN1-α have also been found 
to predispose to a number of neurodevelopmental conditions, including schizophrenia, 
developmental delay, intellectual disability, language impairments, Tourette’s syndrome and 
ADHD (Ching et al., 2010; Kirov et al., 2009; Rujescu et al., 2009; Schaaf et al., 2012; Shah 
et al., 2010; Sundaram, Huq, Wilson, & Chugani, 2010). Mutations in NRXN1-α are also 
associated with epilepsy (Schaaf et al., 2012). In addition, the homozygous deletion has been 
associated with a more severe Pitt-Hopkins like phenotype (Zweier et al., 2009).  
2.1.6 Neurexin1-α  
In humans, microdeletions in NRXN1-α cause impairments in social behaviour. In a case 
study of three families with family members possessing the NRXN1-α microdeletion, a 
common phenotype including dysexecutive behaviour including difficulties in working 
memory, attention switching, mental flexibility, and verbal fluency, impulsivity and 
heightened aggression was found across carriers (Viñas-Jornet et al., 2014).  
The effect of the microdeletion has also been explored in mouse models carrying 
homozygous and heterozygous microdeletions in the murine neurexin-1-α gene (located on 
chromosome 17). An early characterisation of Nrxn1α knock-out mice maintained on a mixed 
SV129/C57 background identified only subtle behavioural changes, such as a deficit in nest 
building, altered pre-pulse inhibition, and increased grooming (Etherton et al., 2009). 
However, mutant mice maintained on mixed background strains are difficult to interpret as 
the background genetics, referred to as the congenic footprint, contributes to the behaviour 
and can confound interpretation of the phenotype (Gerlai, 1996; Schalkwyk et al., 2007). For 
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instance, the SV129 mouse line carries a mutation in Disc 1 (Koike, Arguello, Kvajo, 
Karayiorgou, & Gogos, 2006). In a full investigation of neurexin-1-α mice maintained on a 
pure C57BL6J background, knock-out mice were found to have profound alterations in social 
behaviour, characterised by increased aggression and altered social approach (Grayton et al., 
2013). This displays prime facie similarity to the phenotype observed in human carriers of the 
heterozygote microdeletion (Viñas-Jornet et al., 2014). 
Nrxn1α KO mice may constitute a unique model to study aspects of dysfunctional social 
behaviour that are distinct from social motivation. Indeed, these mice are one of the few 
mutant mouse models carrying a risk factor for neurodevelopmental disorders with a 
phenotype distinct from reduced social approach. Instead, Nrxn1α KO mice display increased 
aggression and heightened social approach. This contrasts with the majority of genetically 
modified mouse lines that display social impairments, where reduced social approach is 
observed (Born et al., 2015; Dachtler et al., 2014; Goorden, van Woerden, van der Weerd, 
Cheadle, & Elgersma, 2007; Katayama et al., 2016; Moy et al., 2009; Sato et al., 2012). 
Preliminary evidence suggests that this phenotype may reflect a deficit in recognising social 
cues and engaging in “appropriate” social behaviours. Indeed, Nrxn1α KO mice display 
aggression in contexts that do not typically elicit aggressive behaviours (e.g. in the presence 
of a juvenile mouse). In addition, a recent study investigating rats carrying the Nrxn1α 
homozygote deletion found that the rats displayed impaired social fear learning, indicating a 
deficit in using social signals to guide behaviour (Twining, Vantrease, Love, Padival, & 
Rosenkranz, 2017). 
The phenotype of Nrxn1α KO mice is of interest for several reasons. First, these mice may 
model aspects of impaired social behaviour that are distinct from those displayed in other 
mouse models. Second, a full understanding of the neural basis of impaired social cognition 
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requires modelling aspects of social cognition that are separate from social motivation. Mice 
displaying reduced sociability are not always the best model to study other types of social 
impairments. A reduction in social motivation may confound studying other aspects of social 
behaviour, because mice with reduced sociability may show floor effects and therefore not 
display any social behaviour.  
The aims of this study were to assess the validity of Nrxn1α KO mice as a model of social 
dysregulation in neurodevelopmental disorders. I aimed to replicate the original social 
phenotype reported in Grayton et al (2013), and to further explore this phenotype by 
investigating ultrasonic communication and response to olfactory social cues. Since 
specificity of impairment is also an important criterion for serving as a good model, a second 
aim was to determine whether the abnormal social behaviour seen in Nrxn1α KO mice is 
accompanied by a generalised cognitive impairment. 
2.2 Methods 
2.2.1 Animals and housing 
Microdeletions in the human Nrxn1α or mouse Nrxn1α gene are technically not gene 
knockouts because the majority of the gene sequence remains. However, the Nrxn1α 
microdeletions that are risk factors for neurodevelopmental disorders commonly involve the 
promotor and first exon of the Nrxn1α gene. As a result, the effect of this microdeletion is 
similar to knocking out the entire Nrxn1α gene because expression of the neurexin-1α protein 
by the mutant gene is minimal. The mouse line that I am studying carries a microdeletion in 
the mouse Nrxn1α gene that involves the Nrxn1α promoter and the first exon. Hence, the 
mouse Nrxn1α microdeletion is similar to the human Nrxn1α microdeletion that is a risk 
factor for neurodevelopmental disorders. For simplicity, I will refer to mice carrying 
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homozygous Nrxn1α microdeletions as knock-outs (KO), while acknowledging that this is 
imprecise. 
Male and female Nrxn1α KO mice were generated as described (Missler, Zhang, Rohlmann, 
Kattenstroth, Hammer, Gottmann, & Sudhof, 2003) and were genotyped by PCR using 
genomic mouse DNA from ear punches (WT primer: CGA GCC TCC CAA CAG CGG TGG 
CGG GA, KO primer: GAG CGC GCG CGG CGG AGT TGT TGA C, common primer: 
CTG ATG GTA CAG GGC AGT AGA GGA CCA). These mice had previously been 
maintained on a C57BL6/SV129 mixed genetic background (Etherton, Blaiss, Powell, & 
Südhof, 2009b).   However, the SV129 strain contains background mutations which could 
create a possible confound (Koike et al 2006). To avoid this confound, Nrxn1α mice used in 
these experiments were backcrossed with C57BL/6J mice for 8 generations to establish a 
homogeneous background. Neurexin-1-alpha (Nrxn1α) WT (+/+), HET (+/-) and KO (-/-) 
mice used for behavioural and electrophysiological experiments were generated from Nrxn1α 
HET parents and genotyped as described previously (Hannah Mary Grayton et al., 2013).  
Mice were bred and maintained in the Biological Services Unit (BSU) of the Institute of 
Psychiatry, Psychology & Neuroscience. Mice were housed in 32cm x 16cm x 14cm cages 
containing sawdust (Litaspen premium, Datesand Ltd, Manchester), bedding (Sizzlenest, 
Datesand Ltd, Manchester) and a cardboard shelter (Datesand Ltd, Manchester). Sawdust and 
bedding were replaced every other week but never on the day before or day of testing to 
minimise the potential effects of cage disturbance on the behaviour of the mice. Mice had ad 
libitum access to food (Rat and Mouse No. 1 and 3 Maintenance Diet for test and breeding 
mice respectively, Special Diet Services, Essex, UK) and water. Housing and testing rooms 
were carefully maintained at constant room temperature (21°C) and humidity (45%). Lights 
in the testing and housing rooms were maintained on a regular light/dark schedule with lights 
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on from 07:00 to 19:00 hours (light = 270 lux). Mice were tested between 08:00 am and 
18:00 pm. Although testing rodents during the day may increase noise in behavioural data, 
previous experiments in our laboratory have indicated that day testing in low light conditions 
does not significantly alter behaviour in the selected behavioural tasks compared to a non-
reverse light cycle. 
The mice were weaned at 4 weeks of age. Animals were singly housed when adult to avoid 
potential confounds from social hierarchies and aggressive behaviour hierarchies, which 
could influence controlled assessment of social behaviours (Brown, 1953). For adult testing, 
mice were tested from 12 weeks of age onwards. Animals were tested in two batches (Batch 
1: WT M = 7, WT F = 8, HET M = 12, HET F = 12, KO M = 10, KO F = 6; Batch 2: WT M 
= 7, WT F = 8, HET M = 8, HET F = 7, KO M = 8, KO F = 8). This was to ensure a 
sufficient number of mice in each genotype group per sex were tested while also keeping the 
possible confounding batch effects to a minimum. In the first batch the testing order consisted 
of: open field, novel object test, puzzle box, 3-chamber social approach task. In the second 
batch mice were tested in the following order: open field, novel object test, 3-chamber social 
approach task, Y maze spatial novelty task, Morris Water Maze. In addition, a third batch of 
male KO and WT mice underwent testing to assess ultrasonic vocalisations during male-
female interactions (WT M = 10, KO M = 10). The oestrous phase of the female mice was 
not checked in this study, but it is unlikely that this affected the results as there were no major 
differences in the variance observed in the behavioural measures between males and females. 
C57BL/6J conspecific mice for the three-chamber task were obtained at 8 weeks of age from 
Charles River Laboratories (Margate, Kent, UK) and caged in 32cm x 16cm x 14cm cages 
containing sawdust (Litaspen premium, Datesand Ltd, Manchester), bedding (Sizzlenest, 
Datesand Ltd, Manchester) and a cardboard shelter (Datesand Ltd, Manchester). C57BL/6J 
mice were group-housed in groups of two, three, or four according to sex.  
89 
 
All tests were recorded using a camera positioned above the test arenas and movement of 
each mouse tracked using EthoVision software (Noldus Information Technologies, 
Wageningen, The Netherlands; http://www.noldus.com/site/doc200403002). After each trial, 
boli and urine were removed from the test arena which was then cleaned with 1 % Trigene® 
solution. At the end of testing, mice were returned to their home cage which was returned to 
the housing room.  
Procedures and housing complied with the local ethical review panel of King’s College 
London and the U.K. Home Office Animals Scientific Procedures Act 1986. All behavioural 
testing was conducted under licence (PPL: 70/7184; PIL: i28ea4c7f) and all efforts were 
made to minimize animal suffering and to reduce the number of animals used. 
2.2.2 Materials and procedures 
2.2.2.1 Open Field  
Materials  
Based on spontaneous exploration of a novel environment, the open field is a well-validated 
anxiety test, first developed in 1951 (Hall & Whiteman, 1951), and it is one of the most 
widely used behavioral tests. It is based on the approach/avoidance conflict between the 
animal’s tendencies to explore a novel area, and its avoidance of the aversive nature of the 
environment (openness), and does not require the use of strongly aversive stimuli or 
conditioning. Mice tend to avoid the central zone of the arena, staying in close contact with 
the walls of the open field and avoidance of the central zone has been used as a measure of 
anxiety induced by exposure to a novel environment. This wall-seeking or thigmotaxic 
behavior has been observed in several rodent species (Candland & Nagy, 1969) and is 
thought to reflect the propensity of small rodents to avoid open, unknown and potentially 
dangerous areas. The testing arena consisted of a 40 cm length x 40 cm width x 40 cm height 
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white square box containing enough sawdust to cover the entire base of the arena. The test 
was performed in the dark, with two red lights (LED cluster red light No. 310-6757; RS 
Components Northants, UK) with a wavelength of approximately 705nm) providing light for 
camera recording.  
Procedure 
Mice were placed in the testing arena for 10 minutes. The time spent in the inner and outer 
centre, and outer portions of the arena was measured using Ethovision software. In addition, 
the velocity (cm/s) and distance moved (cm) were recorded. 
2.2.2.2 The novel object texture discrimination task 
Materials 
The novel object discrimination task takes advantage of the innate attraction of mice to novel 
objects (Misslin & Ropartz, 1981; van Gaalen & Steckler, 2000) to test memory of a familiar 
object in the presence of a novel object (Dere, Huston, & De Souza Silva, 2007).  Short and 
long term memory may be assessed by presenting the novel object either 1 hr or 24 hrs after 
the first exposure to the familiar object, respectively. The time the mouse spends with the 
familiar versus the novel objects is taken as a measure of whether the animals can 
discriminate, and therefore have memory of, the familiar from the novel object.  
Mice were tested in a 40 x 40 x 40 x cm testing arena (Fig. 1A-C). The objects used in the 
novel object discrimination task consisted of white rectangular plastic strips (4cm width x 
15cm height) with a white circular base. Identical dark aluminium oxide sandpaper strips 
(4cm width x 7.5cm height) were attached on either side (Fig. 1A-C). Objects differed in 
terms of roughness but were visually unidentifiable. For habituation sessions, the arena was 
divided into an inner “centre” and outer square on Ethovision software to enable assessment 
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of the movement of the mice into the middle of the arena. The test was performed in the dark, 
with two red lights (LED cluster red light No. 310-6757; RS Components Northants, UK) 
with a wavelength of approximately 705nm) providing light for camera recording. The 
protocol was based on the study by Wu and co-workers (Wu, Ioffe, Iverson, Boon, & Dyck, 
2013). 
Procedure 
Mice were first habituated to the testing arena in the absence of any objects. Mice underwent 
four 10-minute habituation sessions across four days, the first session of which consisted of 
the open field testing. Novel object preference was tested on the fifth day with two 10-minute 
trials (Fig. 1A-C). On the first trial, two identical objects were placed in the middle left and 
right of the testing box and the mouse was given the opportunity to explore the two objects. 
At the end of the trial the mouse was returned to its home cage for a 10 minute inter-trial 
interval. T0 ensure that the mice had explored the objects sufficiently in trial 1 to display 
novelty preference in trial 2, mice were required to investigate the objects for a minimum of 
20 seconds across trial 1. Trial 2 began at the end of the inter-trial interval. In trial 2, one of 
the two identical objects was replaced with a different object possessing a different texture. 
The identity and location of the novel and familiar object was counterbalanced across 
genotype and sex. The time spent near each object was scored manually by an experimenter 
blind to genotype. In addition, distance moved (cm), velocity (cm/s), and time spent in the 
outer and inner portions of the arena were measured using Ethovision Software. The total 
time spent exploring objects was calculated on trials 1 and 2. In addition, novelty preference 
was calculated on trial 2 by computing a novelty discrimination ratio as follows: 
[t(novel)/(t(novel) + t(familiar)]*100 
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where t(novel) is the time spent exploring the novel object and t(familiar) is the time spent 
exploring the familiar object. 
 
Figure 1: Procedure and materials used in the novel object texture discrimination task. 
 A: Diagram displaying procedure on the test day. Following a 10-minute trial with two identical objects, 
the test mouse is removed from the test apparatus for 10 minutes. This is followed by a 10-minute trial 
in which one object is replaced by a novel object. B, C: Photo of the testing chamber (B) and image of 
the objects (C), taken from Wu et al., 2013. 
2.2.2.3 Puzzle Box 
Materials 
The Puzzle box was introduced as a problem solving paradigm in previous studies on general 
cognitive ability in rats (Crinella & Yu, 1995).  It consists of a series of problem solving tasks 
presented in order of difficulty.  The puzzle box relies on the tendency of mice to avoid 
brightly illuminated open spaces as the motivation to solve the problems.  A white plexiglass 
box (73cm length x 28cm x 27.5cm) was used for testing. The box was divided by a black 
plexiglass barrier into a smaller and a larger compartment. The smaller compartment 
contained sawdust and bedding, and was kept covered from light using a black plexiglass lid. 
The larger compartment was brightly lit with a lamp positioned to supply even illumination 
(100 lux). The two compartments were connected via a small underpass. One barrier dividing 
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the two compartments had a small open “door” above the underpass, while the other was a 
complete barrier (Fig. 2A). A small cardboard “plug” was used in some trials to block the 
underpass. 
Procedure 
Mice were trained to escape a brightly lit, aversive “start” box to reach a dark enclosed 
“goal” box. On each day, mice had to solve a new puzzle that blocked access to the “goal” 
box. The puzzles increased in difficulty across days (Fig. 2B). Mice were tested across five 
days on four different puzzles and underwent four trials per day, except on day five where 
there was only one trial. The first trial of each day consisted of a memory trial for the puzzle 
of the previous day, except on the first day; on the first trial of day 1, the “goal” box was 
easily accessible to the mice by means of a door in the barrier separating the “start” and 
“goal” compartments. This enabled mice to learn that the “goal” box was non-aversive. The 
next three trials on days 1-4 consisted of training on the new puzzle. On day five, there was 
only a memory trial. The puzzle on day 1 consisted of the “underpass” trial. Here, the door to 
the “goal” box was replaced by a complete barrier and mice had to learn to go through the 
underpass to reach the “goal” section. On day 2 (“sawdust 1”), the underpass was covered 
with sawdust and mice had to dig through the underpass to reach the “goal” section. On day 3 
(“sawdust 2”), sawdust was placed over the underpass and surrounding top third of the “start” 
section. Mice had to locate the underpass and dig through sawdust to reach the “goal” 
section. For the last puzzle on day 4 (“plug”), a cardboard “plug” was placed in the 
underpass. Mice had to remove the plug to access the ‘goal section’. Mice completed 3 trials 
per puzzle for all trials expect the plug, for which they completed 4 trials. At the start of each 
trial, mice were placed in the “start” box facing away from the “goal” box and near the wall. 
Trials began when the mice were placed in the box and ended once all four paws had reached 
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the “goal” section, or after 3 minutes. The latency (s) to reach the “goal” section was 
recorded with a stopwatch by an experimenter blind to genotype.  
 
Figure 2: Puzzle Box apparatus and problem-solving tasks. 
A: Diagram depicting the puzzle box apparatus. B: Photos of the four problem-solving tasks undergone 
by the test mice. 
2.2.2.4 3-chamber social approach task 
Materials 
The three-chambered social approach task (modified from Yang et al., 2011) monitors direct 
social approach behaviours when a subject mouse is presented with the choice of spending 
time with either a novel mouse or novel object. Sociability is defined as the subject mouse 
spending more time in the chamber containing the mouse than in the chamber containing the 
object. A subsequent 10-min trial is performed to measure short term memory. In this trial, 
the subject mouse is presented with the choice of either the familiar mouse from the previous 
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trial, or a novel mouse, after a 20 min inter-trial interval. Preference for the novel mouse is 
defined as spending more time in the chamber with the novel mouse than in the chamber 
containing the familiar mouse. The testing apparatus consisted of a transparent, rectangular, 
plexiglass box (60cm length x 40.5cm width x 22xm height) divided into three equal sized 
chambers (20cm length x 40cm width x 22cm height) by clear Perspex dividing walls (Fig. 
3A-C). Access to the three chambers was provided by small openings in the centre of the 
dividing walls (5cm length x 8cm height). The testing box was covered with enough sawdust 
to cover the entire base of the arena. To prevent test mice from climbing on top of the wire 
cups, the testing arena was covered with a clear plexiglass lid. The wire cups under which the 
conspecific mice and novel objects were placed was 3.8-cm bottom diameter which ensures 
that the subject is close to the novel mouse when it moves around the cup. The gaps between 
the bars of the wire cup are large enough to permit visual, olfactory, acoustic and some tactile 
stimuli but small enough to prevent direct physical interactions. Clear plastic cups with lead 
weights were placed on top of the wire cups to keep them steady. The testing apparatus was 
placed on a trolley in the centre of the room. A small lamp positioned below the testing box 
provided even illumination (10 lux). The novel object consisted of a small black pointer of 
similar shape and size to the conspecific mouse. 
Procedure 
Mice were first habituated to the apparatus in the absence of any objects of conspecific mice 
for a 10 minute trial. Following this trial, novel object and novel conspecific mouse were 
placed under a wire cup in the top middle of one of the two side chambers, and an object was 
placed under a wire cup in the top middle of the other side chamber. The position of the 
mouse and object was counterbalanced across genotype and sex. The test mouse was able to 
explore the three chambers for a 10 minute trial. At the end of this trial, all mice and objects 
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were removed for a 20 minute inter-trial interval. In trial 3, the familiar conspecific mouse 
was placed back under the wire cup in the same chamber as before, whilst the novel object 
was replaced with a novel conspecific mouse. The test mouse was able to explore then 
chamber for 10 minutes (Fig. 3A-C). Conspecific mice were habituated to the wire cup for 10 
minutes prior to trials 2 and 3 to avoid them displaying anxiety. 
Mouse movements were tracked using Ethovision software. The time (s) spent in each 
chamber was recorded. In trial 2, the preference for the social chamber over the chamber 
containing the object was calculated using the formula: 
[time(social)/(time(social) + time(object)]*100 
 In trial 3, the preference for the chamber containing the novel mouse over the chamber 
containing the familiar mouse was calculated using the formula: 
[time(novel)/(time(novel) + time(familiar)]*100 





Figure 3: Procedure and materials used in the three-chamber social approach task. 
 A: Diagram depicting test procedure across the three trials. B: Image of the test apparatus. C: Example 
tracks across the three trials. 
2.2.2.5 Ultrasonic vocalisations during male-female interaction 
Materials 
This task assesses the ultrasonic vocalisations made by adult male mice in response to 
interaction with an adult female mouse. This interaction is rewarding to male mice, and elicits 
50-kHz “reward” ultrasonic vocalisations. As such, the task can be used to assess both the 
ability of a test mouse to communicate with other conspecifics, and to assess the affective 
valence of social interaction. The task was adapted from Scattoni, Ricceri and Crawley, 2011. 
Mice were tested in a standard homecage containing only sawdust. An ultrasonic microphone 
(Avisoft UltraSoundGate condenser microphone capsule CM16, Avisoft Bioacoustics, Berlin, 
Germany) was suspended 20 cm above the bottom, and 10 cm above the lid in the centre of 
the homecage. The microphone was sensitive to frequencies between 10 to 180 kHZ. The 
microphone was connected to a data acquisition device (Avisoft UltraSound Gate 116 Hm) 
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which connected via USB directly into a laptop. Vocalisations were recorded using Avisoft 
Recorder Software version 4.2. A sampling rate of 250 kHz, format 16 bit was used. Avisoft 
SASLab Pro (Version 5.2) was used for acoustical analysis. A fast fourier transform was 
performed to generate spectrograms with an FFT-length of 1024 points and a time window of 
75% (100% Frame, Hamming window). Frequencies below 20 kHz were removed with a cut-
off to remove background noise. 
The mice used as conspecific female mice consisted of 10 littermate Nrxn1α heterozygous 
mice. 
Procedures 
Mice were habituated to the fresh homecage for 1 hour prior to testing. Upon being brought 
to the test room, test mice were habituated to the room in the test homecage for 10 minutes. 
At the end of the habituation period, a female mouse was introduced into the homecage. 
Ultrasonic vocalisations made by the male mice were captured for a 2 minute trial. 
2.2.2.6 Y Maze Spontaneous Spatial Novelty Discrimination 
Materials 
This task takes advantage of the innate attraction of mice to novelty to test memory of a 
familiar location after exposure to a novel location (Bannerman et al., 2008).  Short and long 
term memory may be assessed by presenting the novel location either 1 hr or 24 hrs after the 
first exposure to the familiar location, respectively. This test assesses rapidly acquired, short-
term (STM) and long-term (LTM) spatial memory and relies on the fact that normal mice 
prefer novel over familiar spatial environments. A subsequent trial (trial 4) is run a few days 
later with all three arms (plus start arm) open to test for arm preference. Mice were tested in a 
transparent plexiglass 8-arm radial maze in which five arms were blocked off to form a Y 
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Maze (Fig. 4A, B). This made a maze with three arms which were 22 cm long, 7 cm wide, 
with 20-cm-high walls. Black rectangular plexiglass sheets were used as doors to block off 
the Y maze arms. Extra-maze cues were placed on the curtains and walls surrounding the 
maze. Mice were assigned two arms (“start arm” and “other arm”), to which they were 
exposed during the first trial of the test (the exposure phase). During this exposure phase, the 
entrance to the third arm of the maze (the “novel arm” for the subsequent trial 2 was blocked 
off with a sheet of opaque Perspex. For trial 2, familiar, novel and start arms were open. Cues 
are placed outside the maze to aid spatial navigation. The testing area was kept in low light 
conditions (10 lux).  
Procedure 
Mice underwent three 5 minute trials. On trial 1, access to either the left or right “Y” arms 
was blocked with a dark plexiglass “door”. The identity of the blocked arm was 
counterbalanced across genotype and sex.  At the end of trial 1, mice were removed from the 
apparatus and returned to their homecage and housing room. Mice underwent trial 2 one hour 
after the start of trial 1. In this trial, the door was removed to allow access to both the left and 
right arms of the Y maze (Fig. 4A, B). One week later, the mice underwent a third trial to 
check for side preference. In trial 3, both arms again remained open. Before each trial, mice 
were placed in the “start” arm facing the wall. The start of each trial began when the mouse 
exited the “start” arm for the first time. An entry into and out of an arm was defined as all 
four paws of the mouse entering or exiting the arm. Mouse movements were tracked using 
Ethovision software. The time spent in each arm and frequency of entries into each arm was 





Figure 4: Procedure and materials used in the Y maze spontaneous novelty preference task. 
A: Diagram depicting procedure on trials 1 and 2. B: Image of test materials. 
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2.2.2.7 Morris Water Maze 
Materials 
This is a standard and commonly used spatial navigation task that requires mice to swim to a 
submerged platform (target) by means of triangulation using navigational cues placed outside 
the pool (Morris, 1984). Mice were tested in a grey circular pool filled with tap water up to 
30 cm depth (Fig. 5A). Since Nrxn1α KO mice were previously reported to show a reduced 
swim speed compared to HET and WT mice in a larger (1.3 m diameter, 60 cm high) pool ( 
Grayton et al., 2013), a smaller pool was used in these experiments. To prevent mice from 
visually locating the platform, the water was made opaque using a non-toxic, white aqueous 
emulsion (Acusol OP301 Opacifier, Rohm & Haas, Landskrona, Sweden). Extra maze cues 
were hung from the curtains and wall surrounding the pool to aid spatial navigation. The 
platform was 29 cm high and had a round surface (10 cm diameter). The platform was 
positioned just above the water level on day 1 and 1 cm below water level of subsequent 
days. The pool was divided into four equidistant quadrants designated Target (T), Opposite 
(O), Left (L) and Right (R). In addition, the pool was divided into an inner and outer ring. 
Faecal boli were removed between trials and water in the pool was changed weekly. 
Procedure 
Mice were taken to the testing room in squads of six. Each session consisted of four trials per 
mouse and mice underwent four trials per day (i.e. one session a day). Mice were tested in 
squads of six and a new trial started when all 6 mice had finished the previous trials. Mice 
were returned to their home cages between trials and were returned to their housing room at 
the end of the session once all mice in the squad had been tested. Males and females were run 
in separate groups. Trials began by placing the mouse in the pool close to, and facing, the 
pool wall in one of the four start quadrants (Target, Opposite, Left and Right). The order of 
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testing starting in each quadrant was pseudorandom and was designed to ensure that mice 
could not rely on a fixed route to reach the platform (Fig. 5B). On each day, mice underwent 
one trial starting from each start quadrant. On the first day, the platform was visible and mice 
were trained to swim to the visible platform. On the subsequent 6 days, the platform was 
hidden below water level and mice had to locate the platform from memory. Trials ended 
once the mouse reached and climbed onto the platform, or after 60 seconds if the mouse did 
not reach the platform. The trial started once the mouse was placed in the pool. If mice did 
not manage to locate the platform after 60 seconds, the experimenter carefully guided the 
mouse to the platform with a wooden plank. Mice were allowed to remain on the platform for 
30 s before being removed by the experimenter. On day 8, the location of the platform was 
shifted to the Opposite quadrant to assess reversal learning. Reversal learning was tested 
across five days using the same procedure. On the last day of spatial learning (day 7) and the 
last day of reversal learning (day 12), a fifth “probe” trial lasting 60 seconds was conducted 
in which the platform was removed from the pool. To assess the retention of spatial memory, 
the time spent in the quadrant that had contained the platform (target quadrant) compared to 
the other quadrants was measured. The latency to reach the platform was measured by an 
experimenter blind to genotype using a stopwatch. In addition, the swim path length (cm), 
swim speed, and time (s) spent in each quadrant was measured using Ethovision software. 
Mean latencies (s) and path lengths (cm) were calculated across the trials within each session 
for each mouse. Conflicting behavioural responses such as floating or thigmotaxis (the 
amount of time spent swimming in the outer area of the pool defined as a 15 cm wide circular 




Figure 5: Materials and procedure in the Morris Water Maze task. 
A: Image of testing apparatus and tracking. B: Diagram depicting the task procedure across test days. 
Mice underwent four trials a day starting from a different starting zone (indicated by the letter in the 




2.2.3 Statistical Analysis 
Data were analysed using SPSS. Mean, standard deviation (s.d.) and standard error (s.e.m.) 
were computed. Data that were non-normally distributed or that violated the assumption of 
equal variance were log transformed. If the data were still non-normally distributed, the 
median and interquartile ranges were computed and the data were analysed with non-
parametric statistics. As a result of the large number of conditions, the means and standard 
errors for the data in this chapter are reported as tables in Appendix 1 (Tables 8-24), rather 
than in the text. 
Data were analysed with a between-subjects or a mixed analysis of variance (ANOVA) as 
appropriate. For anxiety tests, an ANCOVA was used with locomotor activity as a covariate 
to control for any effects of locomotor activity. Post-hoc Bonferroni corrected t-tests were 
conducted to explore any main and interaction effects further. In addition, one-sample t-tests 
comparing performance to chance (50%) were conducted in the Novel Object Discrimination 
and Y Maze Spontaneous Spatial Novelty tasks to assess novelty preference.  
2.3 Results 
2.3.1 Nrxn1α KO mice display heightened anxiety 
I first examined whether Nrxn1α KO mice displayed changes in anxiety. Measures of anxiety 
are important to conduct in the context of cognitive assessments of genetically modified mice 
because heightened anxiety is a possible confounds in the interpretation of other tasks; mice 
with high levels of anxiety can appear impaired in cognitive due to reduced levels of 
exploration. In addition, neurodevelopmental disorders often present with comorbid anxiety 
(Simonoff et al 2008; van Steensel et al 2011).  
Anxiety was assessed using an open field arena (Hall & Ballachey 1932; Hall 1934). Nrxn1α 
KO mice displayed a number of changes in exploration of the open arena. Male and female 
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Nrxn1α KO mice made significantly fewer entries into the centre of the arena (Genotype 
factor: F(2, 95) = 33.201, η2 = 0.411, p < 0.001; post-hoc t-tests: KO vs WT: p < 0.001; KO 
vs HET: P < 0.001, Fig. 6A, B). In addition, female but not male KO mice spent significantly 
less time in the centre of the arena (Genotype factor: F(2, 95) = 20.253, p < 0.001; Genotype 
x Sex factor: F(2, 95) = 3.835, p = 0.025, post-hoc t-tests: KO F vs WT F: p < 0.001, HET F 
vs KO F: p < 0.001, female KO vs male KO: p = 0.043, male KO vs male HET: p = .024, Fig. 
6C, D). Male and female Nrxn1α KO mice also travelled a significantly shorter distance in 
the arena compared to HET and WT mice (F(2, 95) = 6.958, p = 0.002; post-hoc t-tests: KO 
vs WT: p = 0.004; KO vs HET: p = 0.005, Fig. 6E, F). These effects remained significant 
after controlling for any differences in locomotor activity, indicating that the changes in 
exploration were not secondary to differences in locomotor activity. Overall, the reduced 
exploration of the anxiogenic centre of the arena indicates that Nrxn1α KO mice display 





Figure 6: Increased anxiety and reduced exploration in Nrxn1α KO mice. 
 A, B: Mean ± standard error (sem) number of entries into the central portion of the arena in male (A) 
and female (B) mice with overlaid scatter. C, D: Mean ± sem time spent in the central portion of the 
arena in male (C) and female (D) mice with overlaid scatter. E, F: Mean ± sem distance travelled in the 
arena in male (E) and female (F) mice with overlaid scatter. Number of mice: WT M = 14, WT F = 16, 
HET M = 20, HET F = 19, KO M = 18, KO F = 14. 
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2.3.2 Nrxn1α KO mice show abnormal social behaviour 
Abnormal social behaviour is one of the defining symptoms of ASDs (DSM-V), and is a 
feature of other neurodevelopmental disorders such as schizophrenia and William’s 
syndrome.  Many genetically modified mouse models carrying genetic risk factors for ASDs 
display reduced social approach, suggesting reduced social motivation. In contrast, Nrxn1α 
KO mice have previously been found to display abnormally heightened social approach 
(Grayton et al 2013). I sought to replicate and extend this finding to further explore the nature 
of abnormal social behaviour in Nrxn1α KO mice.  
2.3.2.1 Three-chambered social approach task 
Social approach behaviours were examined using the three-chamber apparatus. Nrxn1α KO 
mice travelled a significantly shorter distance in the 10-minute habituation trial (Genotype 
factor: F(2, 95) = 18.796, η2 = 0.284, p < 0.001, post-hoc tests: KO vs WT: p < 0.001, KO vs 
HET: p < 0.001, Fig. 7). This mirrored the reduced exploration observed in Nrxn1α KO mice 








Figure 7: Exploration of 3-chamber apparatus during habituation. 
Data are mean ± standard error (sem) distance covered in the 3-chamber apparatus across trial 1 in 
male and female Nrxn1α WT, HET and KO mice. Numbers of mice: WT M = 14, WT F = 16, HET M = 
20, HET F = 19, KO M = 18, KO F = 14. 
Trial 2 assessed the preference of mice for a novel conspecific mouse over a novel object by 
measuring the time spent in the chamber containing the novel object and in the chamber 
containing the social stimulus. One-sample t-tests comparing percentage preference for the 
social stimulus to chance were significant across all groups (WT M: p = 0.003, WT F: p < 
0.001, HET M: p = 0.001, HET F: p < 0.001, KO M: p < 0.001, KO F: p < 0.001). All mice 
spent significantly longer in the chamber containing the conspecific mouse than the chamber 
containing the object (stimulus type factor: F(1,95) = 283.111, η2 = 0.749, p < 0.001). 
However, Nrxn1α KO mice spent significantly longer in the chamber containing the 
conspecific mouse than did other mice (genotype x stimulus interaction: F(2,95) = 6.761, η2 =  
0.125, p = 0.002, post-hoc t-tests comparing genotype within social chamber: WT vs KO: p = 
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0.001, KO vs HET: p = 0.003, Fig. 8A). In addition, female mice spent significantly longer in 
the chamber containing the conspecific mouse than male mice (stimulus x sex interaction: 
F(1,95) = 7.950, η2 = 0.077, p = 0.006). Similar results were obtained when comparing 
percentage preference for the social chamber over the novel chamber. Nrxn1α KO mice 
displayed significantly greater preference for the social chamber compared to WT and HET 
mice (genotype factor: F(2,95) = 4.657, η2 = 0.89, p = 0.012, post-hoc t-tests: WT vs KO: p = 
0.025, WT vs HET: p = 0.031, Fig. 8B, C). In addition, female mice displayed greater 
preference for the social chamber than male mice (sex factor: F(1,95) = 8.706, η2 = 0.084, p = 
0.004). Overall, these results indicated that Nrxn1α KO mice display heightened social 
approach. 
In trial 3, the object was replaced with a novel conspecific mouse to test social memory. In 
this trial, preference for the novel mouse over the familiar mouse could indicate memory for 
the familiar mouse. One-sample t-tests comparing percentage novelty preference indicated 
significant novelty preference in the male WT and in all female mice, but not in male KO and 
HET mice (WT M: p = 0.029, WT F: p < 0.001, HET M: p = 0.610, HET F: p = 0.001, KO 
M: p = 0.584, KO F: p = 0.002). However, the time spent in the novel and familiar chambers 
was not significantly different across genotypes (genotype factor x chamber: F(2,95) = 1.319, 
η2  = 0.027, p = 0.272, Fig. 8D). Female mice spent significantly longer in the chamber 
containing the novel mouse than did male mice (sex x chamber interaction: F(1, 95) = 
17.825, η2 = 0.158, p <0.001). In addition, Nrxn1α KO male and female mice spent 
significantly longer exploring both conspecific mice than the HET and WT mice, supporting 
the heightened social approach observed in trial 2 (Genotype factor: F(2, 95) = 5.051, η2  = 
0.096, p = 0.008). Similar results were observed when measuring percentage novelty 
preference. Percentage novelty preference was not significantly different across genotype 
(genotype factor: F(2,95) = 1.249, η2 = 0.026, p = 0.291, Fig. 8E, F). There was a significant 
110 
 
effect of sex, indicating greater % novelty preference in female mice compared to male mice 
(F(1,95) = 18.442, η2 = 0.163, p < 0.001). 
The absence of a significant interaction between genotype and chamber indicated that there 
were no significant differences in preference for a novel mouse after a delay across Nrxn1α 
KO, HET and WT female mice. Interpretation of this trial is somewhat limited in male mice. 
However, the results suggest that social novelty preference over a delay is intact in Nrxn1α 









Figure 8: The three-chamber social approach task. 
A: Mean ± sem time  spent in the object, middle, and social chamber in Nrxn1α WT, HET and KO mice 
across trial 2. B, C: Mean ± sem preference for social chamber in male (B) and female (C) mice across 
trial 2. D: Mean ± sem time spent in the novel, middle, and familiar chamber in Nrxn1α WT, HET and 
KO mice across trial 3. E, F: Mean ± sem preference for chamber containing novel mouse in male (F) 
and female (G) mice across trial 3. Numbers of mice: WT M = 14, WT F = 16, HET M = 20, HET F = 19, 
KO M = 18, KO F = 14. 
2.3.2.2 Adult ultrasonic vocalisations during male-female interactions 
To further explore the socio-communicative phenotype of Nrxn1α KO mice, I investigated 




There was no significant difference in the duration or frequency of ultrasonic vocalisations 
made by male Nrxn1α WT and KO mice (number: WT: 666 [537-711], n = 10 mice, KO: 593 
[529-627], n = 10 mice, U = 38.50, p = 0.406, Mann-Whitney U test, Fig. 9A; duration: WT: 
41 ± 6 ms, n = 10 mice, KO: 34 ± 6 ms, n = 10 mice, t(18) = 0.813, p  = 0.427, Fig. 9B). 
 
Figure 9: Ultrasonic vocalisations (USVs) in male Nrxn1α KO and WT mice. 
A: Mean ± sem number of USVs with overlaid scatter in WT (empty circles) and KO (red circles) mice. 
B: Mean ± sem duration of USVs with overlaid scatter in WT (empty circles) and KO (red circles) mice. 
I concluded that ultrasonic vocalisations in response to interaction with females were 
unaltered in Nrxn1α KO mice. 
2.3.3 Nrxn1α microdeletion does not affect short-term object memory 
2.3.3.1 Habituation 
Habituation is a simple form of learning in which an animal reduces responding to a stimulus 
with repeated presentations. Habituation to the novel object testing arena was assessed by 
measuring the distance travelled in the testing arena across multiple days. Reduced 
exploration of the arena across repeated exposure to the testing apparatus indicates 
habituation to the apparatus.  
113 
 
Male and female Nrxn1α KO mice travelled a significantly shorter distance on day 1 than 
HET and WT mice. Only HET and WT mice displayed reduced exploration across testing 
days (Day factor: F(3,285) = 20.631, η2 = 0.178, p < 0.001; (Day x Genotype factor: 
(F(6,285) = 5.631, η2 = 0.106, p < 0.001; KO vs WT: p = 0.004, KO vs HET: p = 0.005, Fig. 
10A, B). 
Overall, these results indicated that HET and WT mice habituated to the testing arena. KO 
mice failed to habituate to the testing arena. However, this effect is likely driven by their 
reduced exploration as a result of their greater anxiety on day one. Hence, there may have 
been a floor effect on the performance of Nrxn1α KO mice, as their levels of exploration on 
day one were already similar to the levels of exploration displayed by WT and HET mice on 
day four.  
 
 
Figure 10: Habituation to the novel object testing arena. 
Mean ± sem distance travelled in the testing arena across days in male (A) and female (B) Nrxn1α WT, 
HET and KO mice. Numbers of mice: WT M = 14, WT F = 16, HET M = 20, HET F = 19, KO M = 18, 




2.3.3.2 Short-term object memory 
Next, I investigated short-term object memory through the novel object task. Total object 
exploration was measured on trial one, to ensure that all mice sufficiently explored the 
familiar objects. All mice explored the objects for more than 20 seconds, which was the 
minimum requirement for object discrimination. A significant genotype effect indicated that 
HET male and female mice spent significantly longer exploring both objects than KO mice, 
but not WT mice (F(2,98) = 7.946, η2 = 0.146, p = 0.001, KO vs HET p < 0.001, WT vs HET 
p = 0.063, Fig. 11A). HET mice also made significantly more exploration bouts of the objects 
than KO and WT mice (F(2,98) = 6.052, η2 = 0.115, p < 0.001; HET vs WT: P = 0.044, HET 
vs KO: p = 0.004, Fig. 11B). In addition, female mice explored the objects more frequently 
than male mice (F(1,98) = 7.394, η2 = 0.074, p = 0.008). Hence, HET mice displayed a 




Figure 11: Trial 1 object exploration in Nrxn1α WT, HET and KO mice. 
A: Mean ± sem object exploration duration with overlaid scatter in WT, HET and KO male and female 
mice. B: Mean ± sem number of object exploration bouts with overlaid scatter in WT, HET and KO male 
and female mice. Numbers of mice: WT M = 14, WT F = 16, HET M = 20, HET F = 17, KO M = 18, KO 
F = 14. 
Preference for the novel object over the familiar object was measured in trial two. Novelty 
preference peaked 2 minutes into the trial and decreased across time in the trial (time factor: 
F(2,186) = 13.296, η2 = 0.125, p <0.001: 2 mins vs 5 mins: p= 0.006, 2 mins vs 10 mins: p < 
0.001, 5 mins vs 10 mins: p = 0.017, Fig. 12A-C). One-sample t-tests comparing performance 
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to chance performance (50% novelty preference) were significant only for WT and HET 
males, but not KO males, WT, HET or KO females. However, novelty preference was not 
significantly different from chance in WT and HET males (p = 0.083). There were no 
significant effects of genotype or interaction effects (genotype factor: F(2,93) = 0.476, η2 = 
0.010, p = 0.623, genotype x sex factor: F(2,93) = 2.667, η2  = 0.054, p = 0.075, time x 
genotype factor: F(4,186) = 0.307, η2 = 0.007, p = 0.799, time x genotype x sex factor: 
F(4,186) = 1.509, η2 = 0.031, p = 0.219).  
 
 
Figure 12: Novel object performance in Nrxn1α WT, HET and KO mice. 
A: Mean ± sem novelty preference at two minutes in WT, HET and KO male and female mice, with 
overlaid scatter. B,C: Mean ± sem novelty preference across time in the test trial in male (B) and 
female (C) mice. Numbers of mice: WT M = 14, WT F = 16, HET M = 20, HET F = 18, KO M = 17, KO F 
= 14. 
These results suggest that KO and HET mice do not perform differently from WT in short-
term object memory. However, interpretation of the novel object discrimination task is 
limited by the weak novelty preference in WT mice. Given the limitations of the task, I 





2.3.4 Short-term and long-term spatial memory is intact in Nrxn1α KO and 
HET mice 
2.3.4.1 Y Maze 
Whilst they are not a characteristic feature of autism spectrum disorders, memory 
impairments are sometimes reported in individuals with ASDs and are observed in other 
neurodevelopmental disorders. In addition, autistic individuals often display altered spatial 
processing styles (Frith 1989; Frith & Happe 1994). Hence, spatial memory is an important 
domain to include in murine cognitive assessments. 
Short-term spatial memory was assessed in a Y maze. Preference for the novel arm was 
significantly greater than chance in WT female, HET female and male, and KO male mice, 
but not WT male and KO female mice (WT M: p = 0.375, WT F: p = 0.001, HET M: p = 
0.009, HET F: p < 0.001, KO M: p = 0.041, KO F: p = 0.217). There were no genotype 
differences in novelty discrimination in either the duration or frequency measures (duration: 
genotype factor: F(2, 40) = 0.556, η2 = 0.027, p = 0.578; sex factor: F(1, 40) = 0.633, η2 = 
0.016, p = 0.431, genotype x sex interaction: F(2, 40) = 0.946, η2 = 0.045, p = 0.397; 
frequency: duration: genotype factor: F(2, 40) = 0.292, η2 = 0.014, p = 0.748; sex factor: F(1, 
40) = 0.482, η2 = 0.012, p = 0.492, genotype x sex interaction: F(2, 40) = 0.361, η2 = 0.018, p 
= 0.699, Fig. 13A, B). A third trial was conducted one week later to ensure that the 
preference for the novel arm was not driven by a natural preference for one of the side arms. 
In this trial, mice spent equal amounts of time in the left and right arms, indicating that they 
did not have a natural side preference (Arm: F(1,40) = 0.844, η2 = 0.021, p = 0.364, Arm x 
genotype: F(2,40) = 0.758, η2 = 0.037, p = 0.475). Hence, Nrxn1α KO and HET mice do not 





Figure 13: Short-term spatial memory in Nrxn1α WT, HET and KO mice. 
A: Mean ± sem novelty discrimination calculated from duration in the novel and familiar choice arms in 
WT, HET and KO mice with overlaid scatter. B: Mean ± sem novelty discrimination  calculated from 
number of entries into the novel and familiar choice arms in WT, HET and KO mice with overlaid 
scatter. Numbers of mice: WT M = 7, WT F = 8, HET M = 8, HET F = 7, KO M = 8, KO F = 8. 
2.3.4.2 Morris Water Maze 
Long-term spatial memory was assessed in a Morris Water Maze. All mice displayed a 
significant reduction in the time taken to reach the platform across days (Day factor: F(6, 
240) = 10.984, η2 = 0.215, p < 0.001). In addition, mice showed a significant reduction in 
distance travelled to reach the platform (path length) across days (Day factor: F(6, 240 = 13. 
190, η2 = 0.248, p <0 .001). Thus, all mice displayed significant learning of the platform 
location. Female mice displayed significantly shorter path lengths than male mice (sex x day 
factor: F(6, 240 = 3.122, η2 = 0.072, p = 0.06, sex factor: (F(1, 40) = 1.799, η2 = 0.119, p = 
0.025) indicating faster learning in females. There was no significant effect of genotype in 
either the time taken to reach the platform (genotype: F(2,40) = 2.190, η2 = 0.099, p = 0.125, 
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Fig. 14A, B) or path length (genotype: F(2,40) = 1.796, η2 = 0.082, p = 0.179, Fig. 14C, D). 
This indicated that all mice learnt the task at a similar speed.  
A probe trial was conducted on the last day of spatial learning to test memory for the location 
of the platform. In this trial, the platform was removed from the maze. The time spent in the 
four different quadrants of the maze was measured. Mice spent significantly longer in the 
quadrant previously containing the platform than in the other three platforms (quadrant 
factor: F(3, 120) = 29.444, η2 = 0.424, p <0 .001, Fig. 14E, F) but there were no significant 
genotype or sex effects. Thus, all mice displayed long-term memory for the platform location, 




Figure 14: Intact long-term spatial memory in Nrxn1α mice. 
A, B: Mean ± sem latency to reach the platform across training days in male (A) and female (B) WT, 
HET and KO mice. C, D: Mean ± sem path length to reach the hidden platform across training days in 
male (C) and female (D) WT, HET and KO mice. E, F: Mean ± sem time spent in each quadrant of the 
water maze on the probe trial in male (E) and female (F) WT, HET and KO mice. Numbers of mice: WT 
M = 7, WT F = 8, HET M = 8, HET F = 7, KO M = 8, KO F = 8. 
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2.3.5 Intact executive functions in Nrxn1α KO mice 
Executive dysfunction is a common symptom in autism spectrum disorders, schizophrenia, 
and various other neurodevelopmental disorders. Therefore, I sought to investigate whether a 
microdeletion in Nrxn1α affected executive function by assessing reversal learning and 
problem-solving. 
2.3.5.1 Reversal learning 
Reversal learning was assessed in the Morris Water Maze by switching the location of the 
hidden platform to the opposite platform once all mice had learned the previous platform 
location. All mice displayed significant learning of the new platform location across training 
days, as measured by a reduction in the time taken to reach the platform and a reduction in 
the distance travelled to reach the platform (latency to platform, day factor: F(4, 160) = 
30.187, η2 = 0.430, p <0.001; path length, day factor: F(4, 160) = 25.029, η2 = 0.385, p < 
0.001). There were no significant effects of genotype in either latency to reach the platform 
(F(2,40) = 0.739, η2 = 0.036, p = 0.484, Fig. 15A, B) or path length (F(2,40) = 0.109, η2 = 
0.005, p = 0.897, Fig. 15C, D). In a probe trial conducted on the last day of testing, all mice 
spent significantly more time in the new platform location than in the other three quadrants 




Figure 15: Reversal learning in the Morris Water Maze task. 
A, B: Mean ± sem latency to reach the new platform location across training days in male (A) and 
female (B) WT, HET and KO mice. C, D: Mean ± sem path length to reach the new platform location 
(opposite platform) across training days in male (C) and female (D) WT, HET and KO mice. E, F: Mean 
± sem time spent in each quadrant of the water maze on the reversal probe trial in male (E) and female 
(F) WT, HET and KO mice. Numbers of mice: WT M = 7, WT F = 8, HET M = 8, HET F = 7, KO M = 8, 
KO F = 8. 
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2.3.5.2 Puzzle box 
Problem-solving abilities were assessed using the puzzle box. Nrxn1α WT, HET and KO 
displayed similar latencies to solve the puzzles on the first trial of every new puzzle, with the 
exception of puzzle 3, where KO mice performed significantly faster, and puzzle 1, where 
HET mice performed slower (Genotype x Puzzle factor: F(6,147) = 3.569, η2 = 0.127, p = 
0.002; Bonferroni-corrected t-tests, puzzle 3: KO vs WT: p = 0.001, KO vs HET: p = 0.006, 
puzzle 1: HET vs WT: p = 0.020, Fig. 16A, B). With repeated practice on each puzzle, 
differences emerged in latency to perform the puzzles; Unexpectedly, WT and HET mice 
became slower at reaching the “goal” box, suggesting reduced motivation to perform the task. 
In contrast, KO mice became faster at solving the puzzles (Genotype factor: F(2,49) = 
17.434, η2 = 0.416, p < 0.001; Bonferroni-corrected t-tests: KO vs WT: p < 0.001, KO vs 
HET: p < 0.001). This suggested that KO mice were more motivated to escape the aversive 
“start” area and access the “goal” box. Since bright light is anxiogenic to mice, I 






Figure 16: Problem-solving behaviour in the puzzle box task. 
A, B: Mean ± sem latency to solve puzzles across puzzles and days in male (A) and female (B) Nrxn1α 
WT, HET and KO mice. Each day consists of a memory trial for the puzzle presented on the preceding 
day, followed by three trials of a new puzzle. Numbers of mice: WT M = 7, WT F =8, HET M = 12, HET 
F = 12, KO M = 10, KO F = 6. 
2.4 Discussion 
Impaired social cognition is observed across numerous neurological and psychiatric 
conditions, and is particularly prevalent in conditions that arise during development. 
Difficulties interpreting social cues and responding appropriately during social interactions 
are common features of social dysfunction. However, the neural mechanisms underlying 
these skills are unknown. Whilst attempts have been made to dissect the neural circuitry 
involved in social behaviour in rodent models, these have largely concentrated on 
mechanisms controlling the motivation to interact (social approach), rather than those 
underlying other aspects of dysfunctional social interaction.  
The aim of this study was to examine the Nrxn1α KO mouse model as a potential model to 
investigate the circuitry underlying dysfunctional regulation of social behaviour. The Nrxn1α 
microdeletion is a risk factor for multiple neurodevelopmental disorders. In a previous study, 
homozygote microdeletions in murine Nrxn1α caused aggression and disinhibition of social 
behaviour (Grayton et al., 2013), suggesting that this mouse line may be a good candidate to 
study dysfunctional social control.  In this study, I sought to replicate and further investigate 
the social phenotype of Nrxn1α KO mice in order to explore its validity as a model of social 
dysregulation. Moreover, I aimed to assess the specificity of the phenotype to social 
cognition by investigating whether non-social cognition was also impaired in these mice. My 
results showed that Nrxn1α KO mice display abnormally heightened social approach, 
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replicating the results from Grayton et al 2013. This indicates that the Nrxn1α KO mouse 
phenotype is robust. In addition, I found that Nrxn1α KO mice do not display cognitive 
impairment, indicating that social dysfunction is not secondary to a generalised cognitive 
deficit. These results demonstrate that the phenotype is specific to social behaviour and 
suggests that the Nrxn1α KO mouse is a promising model to study dysregulated social 
cognition. 
My results indicate that Nrxn1α KO mice display abnormally heightened social approach in 
the three-chamber task. This is in agreement with earlier reports using the same mouse line 
and genetic background (Grayton et al., 2013). This phenotype was not observed in earlier 
studies of mice maintained on a mixed genetic background (Etherton et al., 2009). However, 
maintaining mice on a mixed genetic background can confound analysis of phenotype 
because genetic background effects contribute to phenotype and are variable across mouse 
strains (Koike et al., 2006). My results lend support to those of Grayton et al 2013, suggesting 
that the phenotype is robust, and that the failure to observe this phenotype in earlier studies 
arose from the confounding effect of maintaining mice on a mixed genetic background.   
There are a number of possible explanations for the heightened social approach seen in 
Nrxn1α KO mice. This heightened social approach does not appear to reflect a positive, 
adaptive change in social cognition, since KO mice display significantly increased aggression 
in social interaction tasks (Grayton et al., 2013). One possibility is that longer exploration of 
social cues is driven by the mice taking longer to process social cues. Since Nrxn1α KO mice 
also display heightened aggression, an alternative explanation is that it is driven by this 
increase in aggression. One difficulty with this interpretation is that only male KO mice 
display aggression, whereas both female and male KO mice display heightened social 
approach. However, this may result from the fact that aggression is not a prominent feature of 
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the female mouse behavioural repertoire. It is also worth noting that these two interpretations 
are not mutually exclusive; a failure to detect and/or appropriately interpret social cues may 
underlie the increased aggression observed in direct social interaction tasks. This notion is 
supported by the fact that Nrxn1α KO mice display aggression towards social stimuli that do 
not usually elicit aggression (juvenile mice), as well as adult mice. 
The ability to recognise conspecifics is a simple form of social cue recognition. Impairments 
in the ability to recognise social cues may impair social recognition memory. In an earlier 
study, Nrxn1α KO mice did not show an impairment in social recognition (Grayton et al., 
2013). However, a deficit may be revealed under more taxing testing conditions. Social 
recognition can be made more taxing by the addition of a short delay during which mice have 
to maintain and retrieve relevant social information. In my experiments, Nrxn1α KO mice did 
not display reduced preference for a novel conspecific over a familiar conspecific after a 
short delay, although no male mice displayed evidence of social recognition memory. The 
absence of a deficit in female KO mice suggests that Nrxn1α does not influence the ability to 
process basic social cues required to recognise and remember conspecifics. However, 
interpretation of this task is inherently limited, because no male mice showed any preference 
for the novel conspecific. One past study has suggested that microdeletions in Nrxn1α impair 
social memory; in this study, Nrxn1α HET mice exhibited impaired social memory for 
familiar versus novel conspecifics in a three-chamber task (Dachtler et al., 2014). 
The ability to recognise conspecifics relies on simple social perceptive abilities to pick up 
information about social identity. Nrxn1α KO mice have previously been shown to have 
normal olfactory ability (Grayton et al., 2013). Social interaction, however, requires more 
than simply recognising conspecifics. The social behaviours of conspecifics must also be 
correctly interpreted to identify the nature of the social interaction (for e.g. is a situation 
127 
 
threatening positive?). This requires understanding different types of social behaviour and 
attributing an emotional valence (positive or negative) to the behaviour. Sexual cues are one 
type of social cue that produce an affective response. In adult male mice, female urine or 
interaction with females evokes ultrasonic vocalisations (USVs) in the 50 kHz range, whilst 
male urine or interaction with other males evokes little response. These distinctive USVs are 
produced in rewarding contexts, and appear to elicit social approach. Therefore, they function 
as both a meaningful social cue, and a response to social cues. Thus it is possible to use USVs 
to measure both whether mice are able communicate, and probe into the valence associated 
with social cues. In my experiments, I found that Nrxn1α KO and WT mice made a similar 
number of 50-kHz USVs in response to interaction with a female mouse. This suggests that 
Nrxn1α KO mice do not possess a deficit in ultrasonic communication. In addition, this result 
indicates that despite their altered behaviour in social situations, Nrxn1α KO mice do find at 
least some kinds of social behaviour rewarding. This appears to support the notion that the 
aggression displayed by Nrxn1α KO reflects inappropriate behavioural responding rather than 
an impaired ability to assess the valence of social interaction. 
Impaired social cognition in neurodevelopmental disorders can involve deficits across 
multiple facets of social cognition. In addition, different individuals with the same disorder 
can present with distinct social profiles. The majority of mice carrying genetic risk factors for 
neurodevelopmental disorders display impairments in social approach and social motivation 
(Goorden et al., 2007; Moy et al., 2009; Sato et al., 2012; Dachtler et al., 2014; Born et al., 
2015b; Katayama et al., 2016; Jamain et al., 2008; Bozdagi et al., 2010; Won et al., 2012). 
However, not all individuals with impaired social cognition display reduced social 
motivation. In fact, in certain individuals, social motivation is intact, or even heightened. For 
example, some individuals with autism spectrum disorder display heightened social interest 
(Wing & Gould, 1979). Moreover, individuals with William’s syndrome display heightened 
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sociability (Davies et al., 1998; Jones et al., 2000). Importantly, despite intact social 
motivation, these individuals nonetheless display impairments in the quality of their social 
interactions; often, these individuals engage in behaviours that are perceived as abnormal or 
even “offputting” to others (Wing & Gould, 1979). The altered social behaviour displayed by 
Nrxn1α KO mice displays some similarity to this phenotype. Indeed, these mice display 
heightened motivation and intact social reward processes, but exhibit inappropriate 
aggression during social interaction. This phenotype has rarely been observed in other mouse 
models. Hence, Nrxn1α KO mice may be a good model in which to study facets of impaired 
social behaviour that are not modelled in other mouse models.  
A second aim of this study was to investigate whether the abnormal social behaviour seen in 
Nrxn1α KO mice is accompanied by non-social cognitive deficits. Cognitive deficits are often 
observed in neurodevelopmental disorders. For example, individuals with autism spectrum 
disorders often display a rigid, inflexible cognitive style, characterised by poor executive 
functioning (Hill, 2004). Cognitive deficits, including impaired working memory, are also 
common in schizophrenia (Nuechterlein et al., 2004; Green, Kern and Heaton, 2004b; Breton 
et al., 2011). In addition, individuals with neurodevelopmental disorders often present with 
comorbid intellectual disability (Morgan, Leonard, Bourke, & Jablensky, 2008b).  
Intellectual disability and cognitive impairments have been reported in some carriers of the 
human Nrxn1α microdeletion (Stefansson et al., 2013). However, the Nrxn1α microdeletion 
displays incomplete penetrance for neurodevelopmental disorders, suggesting that other 
genetic and environmental factors may contribute to and influence the phenotype of carriers. 
Hence, it is unclear to what extent cognitive impairments are being driven by these other 
factors, or by an interaction between the Nrxn1α microdeletion and other contributing factors. 
In this study, Nrxn1α KO and HET mice displayed no cognitive impairments when tested in 
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an extensive cognitive battery. An absence of cognitive impairment has also been reported in 
other studies investigating the Nrxn1α mice (Etherton et al., 2009; Grayton et al., 2013), 
although one study reported an altered response to novelty in Nrxn1α heterozygote mice 
(Laarakker, Reinders, Bruining, Ophoff, & Kas, 2012). Overall, these results suggest that the 
Nrxn1α microdeletion is not sufficient to cause cognitive impairment. There may be several 
reasons why a cognitive impairment has been observed in some human carriers of the 
microdeletion, but not in mice carrying the heterozygote or homozygote deletion. First, it 
may reflect a difference in the severity of the effect of the behavioural consequences of the 
microdeletion in mice compared to humans. The human Nrxn1α gene may possess additional 
functions that are not present in mice, and that cannot be compensated for by other related 
molecules (e.g. NRXN1β, NRXN2 or NRXN3). This notion is supported by the finding that 
heterozygote deletion of Nrxn1α is not sufficient to evoke any impairment in social, cognitive 
or explorative behaviour in mice, whilst it is the heterozygote microdeletion that is associated 
with neurodevelopmental disorders in humans (the homozygote deletion being associated 
with a more severe phenotype). The fact that cognitive impairments have also been reported 
in rats carrying the Nrxn1α microdeletion also appears to support this suggestion, although it 
is unclear whether this phenotype is mediated by anxiety (Esclassan, Francois, Phillips, 
Loomis, & Gilmour, 2015). 
An alternative possibility is that the human Nrxn1α microdeletion is not sufficient to generate 
cognitive impairments. Instead, cognitive impairments may only emerge through interaction 
with other genetic or environmental factors is required. Indeed, many neurodevelopmental 
disorders are polygenic, and are thought to require an interaction between multiple risk 
factors to elicit disease. For example, a ‘two-hit’ model has been proposed in schizophrenia 
(Maynard, Sikich, Lieberman, & LaMantia, 2001). In the case of the NRXN1, the 
microdeletion shows incomplete penetrance, and interactions with other factors is likely 
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required to cause disorders of neurodevelopment. It would be of interest to examine the 
effects of combining the murine Nrxn1α mutation with other risk factors for 
neurodevelopmental disorders. 
A third explanation is that the Nrxn1α gene plays a negligible role in non-social cognition, 
with other factors entirely accounting for cognitive deficits in patients. Indeed, autism and 
schizophrenia are neurodevelopmental disorders with a complex aetiology, making it unlikely 
that one gene would recapitulate the full disorder. Whilst the presence of cognitive deficits in 
the Nrxn1α KO rat argue against this explanation, it is possible that cognitive impairment in 
the rats reflected a secondary consequence of heightened anxiety, rather than a primary 
cognitive deficit. Indeed, anxiety was not measured or controlled for in the aforementioned 
study, although microdeletions in Nrxn1α have been associated with increased anxiety 
(Grayton et al., 2013; Viñas-Jornet et al., 2014). Other support for this suggestion comes 
from recent genetic studies exploring the aetiology and clustering of symptoms in autism 
spectrum disorders. In these studies, different symptom domains (e.g. social symptoms, 
cognitive deficits, repetitive behaviours) were found to be mediated by distinct genetic 
factors (Ronald, Happe & Plomin, 2005; Ronald et al., 2006). 
The lack of cognitive phenotype in the presence of a social phenotype is interesting. Whilst 
cognition is substantially impaired in some neurodevelopmental disorders, there are also 
conditions in which cognition is largely spared but social cognition is profoundly altered. In 
addition, there is evidence that social cognition is particularly susceptible to disruption. For 
example, the effects of brain injury acquired in development are substantially worse for social 
cognition than non-social cognition (Ryan et al., 2014). A key question is whether this 
reflects dissociation in the neural circuits and mechanisms underlying social and non-social 
cognition. This has been extensively debated in the literature. The idea that social cognition is 
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in some way “special”, and that there may be dedicated neural circuits for social cognition 
has been a popular one (Adolphs, 2006; Brothers, 1996). A number of studies have suggested 
that there are regions of the brain that are preferentially involved in processing social 
information. For example, the fusiform gyrus appears highly selective for processing faces 
(Kanwisher et al., 1997). Likewise, the medial prefrontal cortex has been suggested to be 
particularly involved in social cognition (Amodio & Frith, 2006), although the specificity to 
processing social stimuli has been debated (Gauthier et al., 2000, 1999).  
The presence of a social cognitive phenotype in the absence of a cognitive impairment in 
Nrxn1α KO mice suggests that there may be some dissociation in the mechanisms underlying 
social and non-social cognition. Whilst it is possible that Nrxn1α KO mice possess a sub-
threshold, or undetected impairment in cognition, the fact that Nrxn1α KO mice displayed 
normal cognition across an extensive range of cognitive tasks argues against this. Genetic 
studies indicating that social and cognitive symptoms in autism have distinct genetic 
aetiologies and may be caused by different genetic risk factors support this idea (Ronald, 
Happe & Plomin, 2005; Ronald et al., 2006). However, an alternative possibility is that social 
cognition utilises shared mechanisms and circuits to non-social cognition, but that disruptions 
in social cognition are more difficult to compensate for.  
In conclusion, I found that Nrxn1α KO mice display a robust and specific impairment in 
social behaviour. The presence of aggression and enhanced social approach suggests that 
these mice exhibit dysregulated social behaviour. The phenotype displayed by Nrxn1α KO 
mice suggests that these mice have some face validity as a model to study aspects of impaired 




3 Excitatory circuitry in the orbitofrontal cortex of Nrxn1α KO 
mice 
3.1 Introduction 
3.1.1 The orbitofrontal cortex and social cognition 
Multiple lines of evidence indicate that the orbitofrontal cortex performs functions that are 
vital for social cognition. Damage to the orbitofrontal cortex causes profound behavioural 
disturbances that affect social interactions. Symptoms displayed by affected individuals 
include heightened aggression and emotional reactivity, a tendency to engage in 
“inappropriate” behaviour, personality changes and reduced empathy. These changes in 
individual’s abilities to engage in social interaction after orbitofrontal damage despite 
relatively intact non-social cognition have been reported both in case studies (Anderson et al., 
2000; Cicerone & Tanenbaum, 1997; Eslinger & Damasio, 1985) and corroborated in larger 
studies (Grafman et al., 1996).  
The role of the orbitofrontal cortex in dysfunctional social cognition has been further 
explored using quantitative tests of social cognition. In such tests, individuals with damage to 
the orbitofrontal cortex display difficulties across a range of social tasks. These include 
deficits in the ability to recognise facial expressions, difficulty predicting the consequences of 
social behaviour, impaired ability recognise social “rules” and “faux pas”, and deficits in 
moral judgements (Ciaramelli, Muccioli, Làdavas, & di Pellegrino, 2007b; Mah et al., 2004; 
Stone et al., 1998; Zahn et al., 2017b). In contrast, non-social cognition is often largely intact 
in these individuals, although difficulties with certain aspects of decision-making and reward 
processing are reported (Anderson et al., 2000).  
133 
 
The importance of the orbitofrontal cortex in social cognition has also been supported by 
blood-oxygen-level dependent (BOLD) functional magnetic resonance (fMRI) neuroimaging 
studies. These studies demonstrate that the orbitofrontal cortex is involved in a number of 
facets of social cognition, including emotion perception, regulation of aggression behaviour, 
and recognition of “appropriate” social behaviour. For example, the medial orbitofrontal 
cortex is highly active during emotional perspective-taking theory of mind, suggesting a role 
in emotion perception and understanding (Hynes et al., 2006). BOLD activity in the 
orbitofrontal cortex during viewing of an angry facial expression is negatively correlated with 
aggressive behaviour during social interaction, indicating a role in regulating aggression 
(Beyer et al., 2015). In addition, the orbitofrontal cortex is part of a network of regions 
activated during reading violations of social norms (Bas-Hoogendam et al., 2017). 
The orbitofrontal cortex also plays a role in the regulation of social behaviour in non-human 
primates and rodents. As in humans, lesions to the orbitofrontal cortex lead to heightened 
aggression in non-human primates (Machado & Bachevalier, 2006). Similarly, rats with 
bilateral orbitofrontal cortex lesions display increased aggression, which is mimicked by 
dopamine depletion in the orbitofrontal cortex (De Bruin, 1990; De Bruin et al., 1983). In 
contrast, injection of 5-HT1B agonists into the ventral orbitofrontal cortex reduces aggression 
in the resident-intruder paradigm in mice (De Almeida et al., 2006). Moreover, evidence 
indicates that the orbitofrontal cortex is important for recognition of social signals and social 
contexts in monkeys and rodents. Monkeys with orbitofrontal lesions demonstrate altered 
response to affiliative and threatening signals (Machado & Bachevalier, 2006). 
Acetylcholinergic input in the orbitofrontal cortex is necessary for the acquisition of socially 
transmitted food preferences in rats (Ross, McGaughy, & Eichenbaum, 2005). In rats, 
orbitofrontal lesions impair the ability to modulate social interactions as a function of the 
context of the partner and can cause hyperactivity in play (Pellis et al., 2006).  
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In summary, converging evidence from human lesion, neuroimaging and rodent/non-human 
primate studies indicate that the orbitofrontal cortex is involved in the regulation of social 
behaviour. In particular, these studies indicate a role in the regulation of aggressive 
behaviour, as well as a role in recognising and responding to social cues and social contexts.  
3.1.2 The orbitofrontal cortex in neurodevelopmental disorders 
The symptoms observed as a result of orbitofrontal cortex damage bear resemblance to the 
impairments in social cognition described in individuals with neurodevelopmental disorders. 
For example, a tendency to engage in inappropriate behaviour, impaired theory of mind, and 
difficulties interpreting social signals have been observed in both individuals with 
neurodevelopmental disorders such as autism spectrum disorders and schizophrenia, and in 
individuals with orbitofrontal damage (Ashwin et al., 2006; Simon Baron-Cohen et al., 1985; 
Brune, 2005b; Frith & Corcoran, 1996b; Golan et al., 2007; Grafman et al., 1996; Happé, 
1994; Hoptman et al., 2010b; Stone et al., 1998).  
The similarity between social symptoms arising from orbitofrontal damage and those seen in 
neurodevelopmental disorders suggests that dysfunction of the orbitofrontal cortex may 
contribute to impaired social cognition in individuals with neurodevelopmental disorders. 
This suggestion has received some support from neuroimaging studies. For example, altered 
sulco-gyral patterns in the right orbitofrontal cortex and reduced volume of the orbital gyri 
have been observed in schizophrenia (Takayanagi et al., 2010). Both reductions in grey 
matter volume and changes in sulco-gyral patterns have been reported bilaterally in high-
functioning individuals with autism spectrum disorder (Itahashi et al., 2015; Watanabe et al., 
2014). In a separate study, decreased right orbitofrontal grey matter volume was described in 
children with autism, with social deficits correlating with right orbitofrontal white matter 
(Girgis et al., 2007).  Finally, in one study, no global changes in orbitofrontal grey matter 
volume were observed in individuals with autism compared with controls, but preliminary 
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evidence was found for age-related changes in volume in the right lateral orbitofrontal in 
children with autism (Hardan et al., 2006). 
Alterations in orbitofrontal cortex function and structure have also been described in a 
number of other neurodevelopmental conditions in which social cognition is impaired, 
including Turner’s syndrome and William’s syndrome. Females with Turner’s syndrome 
have enlarged amygdala and orbitofrontal cortex volume, as well as deficits in recognising 
fearful facial expressions (Good et al., 2003). Individuals with William’s syndrome display 
inverted patterns of BOLD activation in the medial and lateral right orbitofrontal cortex in 
response to positive and negative faces (Mimura et al., 2010), as well as reduced BOLD 
activation in the orbitofrontal cortex during face-matching tasks using threatening faces 
(Meyer-Lindenberg et al., 2005). Finally, individuals with William’s syndrome display 
altered grey matter structure in the lateral orbitofrontal cortex, as well as the lingual gyrus, 
post central gyrus and cuneus (Meda, Pryweller, & Thornton-Wells, 2012). 
3.1.3 Animal studies of the circuitry underlying social cognition 
The circuits underlying social behaviour have begun to be explored in more detail in rodent 
models. Much of the work undertaken so far has concentrated on the circuitry controlling 
social approach via optogenetics. These studies have revealed that circuits involving the 
basolateral amygdala, ventral hippocampus, ventromedial prefrontal cortex and dorsal raphe 
nucleus are involved in controlling approach and motivation for social contact. For example, 
optogenetic activation and inhibition of connections between the basolateral amygdala and 
ventral hippocampus reduce, and increase social approach, respectively (Felix-Ortiz & Tye, 
2014). In contrast, optogenetic activation of excitatory projections from the ventromedial 
prefrontal cortex/orbitofrontal cortex to the dorsal raphe nucleus increase approach after 
social defeat (Challis et al., 2014). Moreover, elevating the excitatory/inhibitory balance in 
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the medial prefrontal cortex of the mouse reduces social interaction (Yizhar, Fenno, et al., 
2011). 
Optogenetics has also been used to explore circuitry mediating aggression. Circuitry within 
the ventromedial hypothalamus is important for the expression of rodent aggressive 
behaviours. Specifically, the dorsomedial division of the ventromedial hypothalamus is 
involved in defensive aggression upon exposure to a predator, whereas the ventrolateral 
ventromedial hypothalamus controls the expression of aggression towards conspecifics (Silva 
et al., 2013). Interestingly, optogenetic activation of the ventromedial hypothalamus increases 
aggression in male mice both within the context of a resident-intruder paradigm, and within 
contexts in which male mice do not normally display aggression e.g. towards female mice 
(Falkner, Grosenick, Davidson, Deisseroth, & Lin, 2016; Lin et al., 2011). Other brain 
regions provide “top-down” control over aggressive behaviours by projecting to the 
ventrolateral ventromedial hypothalamus. For example, projections from the lateral septum to 
the ventrolateral ventromedial hypothalamus inhibit aggressive bouts (Wong et al., 2016). 
The prefrontal cortex also provides ‘top-down’ control over aggression; activation of the 
prefrontal cortex inhibits inter-male aggression in a resident-intruder task (Takahashi et al., 
2014).  
In contrast, the orbitofrontal cortex has received little optogenetic investigation. Numerous 
studies have explored how neuronal activity in the orbitofrontal cortex contributes to non-
social cognition using in vivo electrophysiology (Saez et al., 2017; Schoenbaum et al., 1999; 
Schoenbaum & Eichenbaum, 1995a; Sul, Kim, Huh, Lee, & Jung, 2010; Tremblay & Schultz, 
2000). However, few studies have investigated how manipulation of orbitofrontal circuitry 
affects social behaviour in rodent model, despite evidence from lesion and neuroimaging 
studies indicating that the orbitofrontal cortex is important for social cognition.  
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3.1.4 Excitatory circuitry disturbances in neurodevelopmental disorders 
Numerous lines of evidence suggest that excitatory circuitry may be disturbed in disorders of 
neurodevelopment. Evidence that excitatory circuitry might be abnormal first came from 
neuropathology studies investigating the number of dendritic spines in the brains of 
individuals with neurodevelopmental disorders (Glantz and Lewis, 2000; Irwin et al., 2001; 
Hutsler and Zhang, 2010). This has been accompanied by reports of changes in the 
expression of genes encoding proteins that are involved in excitatory synaptic function 
(Harrison & Eastwood 1998; Purcell et al 2001), and altered plasma and serum glutamate 
levels in individuals with neurodevelopmental disorders (Shinohe et al., 2006). 
Studies investigating genetic risk factors for neurodevelopmental disorders also support the 
notion that excitatory circuitry is disturbed in some neurodevelopmental disorders. Many 
genetic mutations, deletions, and abnormalities implicate genes involved in synapse 
formation and function (Bourgeron, 2009). This includes mutations and risk variants in genes 
encoding pre-synaptic proteins such as neurexins and CNTNAP2, as well as in post-synaptic 
proteins such as neuroligins and SHANK proteins (Alarcón et al., 2008; Arking et al., 2008; 
Durand et al., 2007a; Fromer et al., 2014; Gauthier et al., 2009, 2010, 2011; Jamain et al., 
2003; Kim et al., 2008; Laumonnier et al., 2004; Strauss et al., 2006; Vaags et al., 2012). 
Many of these genes encode proteins that are play a primary role at excitatory synapses. For 
example, alterations in the Glutamate receptor 6 gene have been linked to ASD (Jamain et al., 
2002), and SHANK proteins are present at glutamergic synapses. Electrophysiological and 
structural studies of mice carrying genetic risk factors of neurodevelopmental disorders also 
broadly support this idea (Born et al., 2015b; Dani & Nelson, 2009; Etherton et al., 2009a; 
Harrington et al., 2016; Jiang & Ehlers, 2013b; Qiu et al., 2011; Won et al., 2012), although 
see Peñagarikano et al., 2011 and Tabuchi et al., 2007 for mouse models in which deficits 
were predominantly seen in inhibitory circuitry. 
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These findings have led to the proposal that neurodevelopmental disorders may be caused by 
deficits in synaptic pruning. The nature of such a deficit is unclear; both 
hyperconnectivity/impaired synaptic pruning and hypoconnectivity/excessive synaptic 
pruning have been suggested. The direction of change may depend on the condition. Studies 
of individuals with schizophrenia suggest that synaptic density is reduced across certain brain 
regions including the prefrontal cortex (Glantz & Lewis, 2000) and medial temporal cortex 
(Harrison & Eastwood, 1998). In contrast, increased spine density has been reported in the 
brains of individuals with autism (Hutsler & Zhang, 2010). Hyperconnectivity has also been 
reported in the visual and temporal lobes of individuals with Fragile X syndrome (Irwin et al., 
2001). Intriguingly, many of such studies have observed changes in spine density 
predominantly in cortical layers 2/3.  
Whilst there is evidence of abnormal excitatory synapse density in neurodevelopmental 
disorders, there are also some difficulties with this theory. The direction of changes in 
excitatory function is not always consistent across studies. For example, decreased plasma 
levels of glutamate were described in patients with autism in one study (Aldred, Moore, et al., 
2003), but a separate study found increased serum levels of glutamate in individuals with 
autism (Shinohe et al., 2006). 
There is also variability in results in animal studies investigating mice carrying genetic risk 
factors for neurodevelopmental conditions. A number of studies of mice carrying autism risk-
factor mutations or mutations that cause syndromic autism suggest that excitatory 
connectivity is reduced. For example, reduced excitatory synaptic function has been observed 
in somatosensory cortex of mice carrying a mutation in MeF2c that causes syndromic autism, 
(Harrington et al., 2016). Likewise, mice carrying a mutation in the methyl CpG binding 
protein 2 (MeCP2) gene, which causes Rett syndrome in humans, display reduced mEPSC 
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frequency in somatosensory cortex in MeCP2 mutant mice (Dani et al., 2005) and reduced 
pyramidal neuron connectivity (Dani & Nelson, 2009). It is worth noting that these studies 
used male mice, and may only recapitulate certain features of Rett syndrome. Indeed, MeCP2 
is located on the X chromosome, and in humans Rett syndrome predominantly affects 
females because males die at birth. However, layer-specific excitatory input reductions have 
also been reported when MeCP2 is knocked down from subsets of cells in wild-type mice 
(Wood, Gray, Zhou, Greenberg, & Shepherd, 2009).  
In contrast, increased connectivity has also been reported in certain rodent models. This 
includes mice carrying a mutation in the MET receptor tyrosine kinase gene (MET), which is 
also a candidate gene associated with sporadic ASD.  Conditional deletion of MET in mice 
leads to increased synaptic connectivity in corticostriatal neurons in frontal cortex (Qiu et al., 
2011). Increased spine density and abnormal spine shapes have also been reported in FMRP 
KO mice (Greenough et al., 2001). Finally, rats treated in utero with valproic acid also 
display local circuit hyperconnectivity, although this study also found that excitatory synaptic 
strength was reduced (Rinaldi, Silberberg, & Markram, 2008). 
Hence, the findings are mixed. The direction of changes in excitatory synapse number is not 
always consistent across studies. In addition, some mouse models of neurodevelopmental 
disorders fail to find any change in synapse density (Born et al., 2015b; Etherton et al., 
2009a). Neuropathological studies also suffer from limitations; both sample sizes and effect 
sizes are typically small in such studies, and the findings are not consistent across all 
individuals. This may partly reflect heterogeneity in the causes of neurodevelopmental 
disorders. Indeed, other abnormalities have also been proposed in neurodevelopmental 
disorders, including dysfunction of inhibitory GABAergic neurotransmission, or a disrupted 
excitatory/inhibitory balance (Rubenstein & Merzenich, 2003). Lastly, changes in synapse 
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number have not been found across all brain regions in individuals with neurodevelopmental 
brain regions, despite the fact that these conditions may affect widespread brain development. 
Indeed, in some cases, no changes in synapse density have been found in brain regions that 
nonetheless display abnormal responses in fMRI BOLD imaging studies or in MRI 
grey/white matter structural imaging. 
This suggests that interpreting neurodevelopmental disorders as disorders of synaptic density 
may be overly simplistic. Other forms of circuit disruption are likely to contribute in many 
cases. It is possible that changes in synapse density are a present in only certain individuals, 
or in only certain brain regions or pathways.  
3.1.5 Disruption of short and long-range connectivity 
An extension of the synaptic pruning and altered synaptic connectivity theories of 
neurodevelopmental disorders is that changes in synaptic connectivity are pathway or region-
specific. In particular, one idea that has gained prominence is the suggestion that these 
disorders are characterised an imbalance in local “short-range” and across brain region “long-
range” connectivity. This theory has gained particular prominence in autism spectrum 
disorder research. Here, the most common formulation of this theory posits that local circuit 
connectivity is enhanced and long-range connectivity is reduced (Courchesne & Pierce, 
2005). 
MRI studies support the notion that long-range connectivity is altered in neurodevelopmental 
disorders. Reduced functional connectivity has been observed across diverse tasks and at rest 
in autistic individuals (Just et al., 2004; Kana et al., 2007; Koshino et al., 2005; Villalobos et 
al., 2005; Welchew et al., 2005). Diffusion tract imaging studies measuring water diffusion 
(fractional anisotropy) to map white matter tracts also lend support to this idea. These studies 
report reduced fractional anisotropy in white matter tracts, such as the corpus callosum, in 
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individuals with autism spectrum disorders, suggesting either reduced fiber density, axonal 
diameter or myelination in white matter tracts (Frazier & Hardan, 2009). Reduced white 
matter tract fractional anisotropy has also been reported in individuals with other 
neurodevelopmental disorders such as schizophrenia (Paillère-Martinot et al., 2001). 
There are limitations to the support for this hypothesis from human imaging studies. Firstly, 
the findings are difficult to interpret. It is unclear whether or not functional connectivity 
changes reflect changes in anatomical connectivity (Leopold & Maier, 2012). Changes in 
fractional anisotropy are also subject to multiple interpretations, including both changes to 
the number of axons or altered myelination. In addition, changes in fractional anisotropy have 
not always consistently supported a decrease in long-range connectivity. Indeed, a number of 
studies have reported increased functional anisotropy in white matter tracts in individuals 
with autism spectrum disorders (Herbert et al., 2004; Radua, Via, Catani, & Mataix-Cols, 
2011). Finally, imaging methods are limited in their ability to investigate local circuit 
connectivity. Findings of increased fractional anisotropy within the frontal lobes of 
individuals with autism have been interpreted as support for increased local connectivity (Ben 
Bashat et al., 2007), but could reflect long-range inputs. Increased spine density in cortical 
layers 2/3 in autistic individuals has also been considered indirect support for increased local 
connectivity, on the basis that local connections exceed long-range inputs. However, 
dendritic spines in layer 2 and 3 receive both local and long-range connections and there are 
multiple explanations for these findings; increased dendritic spines could reflect an imbalance 
of short and long-range connections or a global increase in the number of all connections.  
Testing this hypothesis requires investigation of circuitry at the cellular level. A small 
number of studies have begun to explore this issue in mice carrying genetic risk factors for 
neurodevelopmental disorders. This requires looking beyond miniature excitatory post-
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synaptic potentials (mEPSPs); mEPSPs provide only a global measure of excitatory synaptic 
function only, and cannot distinguish between local and long-range inputs. For example, in a 
study employing a combination of glutamate uncaging to stimulate local connections, and 
optogenetic stimulation of contralateral inputs, knock-down of Mef2c in a sparse population 
of somatosensory neurons reduced local synaptic connectivity, but enhanced excitatory input 
from contralateral somatosensory cortex (Rajkovich et al., 2017). 
The majority of the focus in the investigation of short and long-range connectivity 
imbalances has concentrated on the number of connections. However, it is possible that other 
aspects of long and short-range connectivity are altered. For example, the strength, timing, 
and dynamics of long and short-range connections may be impaired. This cannot easily be 
studied with human imaging techniques. Instead, cellular electrophysiology is required to 
address these questions. 
3.1.6 Long-range and short-range afferents to the orbitofrontal cortex 
Long-range afferents to the orbitofrontal cortex have been investigated in monkeys and 
rodents using viral tracing. These studies have revealed that the orbitofrontal cortex receives 
projections from many different brain regions, including thalamic, limbic, temporal and 
sensory regions. 
The mediodorsal thalamic nucleus is a major source of diencephalic afferents to the 
orbitofrontal cortex. The rat mediodorsal thalamic nucleus is subdivided into medial, central 
and lateral segments. The medial and central segments project to the orbitofrontal cortex. 
(Kuramoto et al., 2017). Inputs are also received from other deep brain structures, such as the 
dorse raphe nuclei, ventral tegmental area, hypothalamus and pontomesencephalic 
tegmentum (Morecraft et al., 1992; Reep et al., 1996). 
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Dense cortical inputs to the orbitofrontal cortex arise from the temporal lobes, insula and 
limbic brain regions. Temporal regions projecting to the orbitofrontal cortex include the 
entorhinal cortex and perirhinal cortex and hippocampus, posterior parahippocampal area as 
well as posterior parietal areas (Morecraft, Geula and Mesulam, 1992; Barbas, 1993; 
Carmichael and Price, 1995a). Limbic projections to the orbitofrontal cortex arise 
predominantly from the amygdala. Connections between the amygdala and orbitofrontal 
cortex are reciprocal and connect the orbitofrontal cortex with the basolateral amygdala, 
lateral amygdala and medial/central amygdala (Carmichael and Price, 1995a). These 
projections may be important for guiding goal directed behaviour on the basis of cued 
rewards (Lichtenberg et al., 2017).  
The orbitofrontal cortex receives input from all sensory modalities. These sensory projections 
tend to project to lateral orbitofrontal areas (Morecraft et al., 1992). Projections from the 
olfactory bulb may play a role in linking odours to emotions (Tanabe et al., 1975). Inputs are 
also received from gustatory areas (Rolls & Baylis, 1994b). For example, the insular-
opercular taste area projects to orbitofrontal cortex, where some neurons respond to gustatory 
stimuli (Baylis et al., 1995). Finally, inputs are also received from somatosensory, visual and 
auditory areas (Barbas, 1993; Rolls & Baylis, 1994b). These projections mainly arise from 
secondary sensory processing regions, such as the superior and inferior temporal sulcus 
(Kondo, Saleem, & Price, 2003). Similar results have been obtained in rat viral tracing 
studies (Reep et al., 1996). 
Lastly, projections to the orbitofrontal cortex also arise from other prefrontal subregions, such 
as the medial prefrontal cortex and anterior cingulate cortex (Barbas, 1993; Carmichael and 
Price, 1995). Projections from the medial prefrontal cortex inhibit the pathway from lateral 
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orbitofrontal cortex to the basolateral amygdala (Chang & Ho, 2017), a pathway that is 
important for cue-outcome contingency learning. 
In humans, a number of tracts have been identified that connect the orbitofrontal cortex to 
other brain regions. This includes a tract bundle connecting the orbitofrontal cortex with the 
thalamus and anterior cingulate cortex, a tract passing laterally through the caudate to reach 
the brainstem, and fibers passing through the inferior fronto-occipital fasciculus to connect 
the orbitofrontal cortex with parietal and occipital cortex. Some of these fibers turn and join 
the uncinate fasciculus to connect to superior and middle temporal lobes (Burks et al., 2017). 
3.1.7 Long-range inputs to the orbitofrontal cortex and social cognition 
Long-range projections to the orbitofrontal cortex are likely to play an important role in 
orbitofrontal regulation of social cognition. These connections provide input about the 
external world, and internal emotional states which are used to guide social decision-making. 
Diffusion tractography imaging indicates that white matter projections to the orbitofrontal 
and prefrontal cortex are related to social abilities in adults and children. Increases in white 
matter within the prefrontal cortex and in the tracts connecting the temporoparietal and 
inferior frontal regions are associated with the development of theory of mind in children 
(Grosse Wiesmann, Schreiber, Singer, Steinbeis, & Friederici, 2017). Fractional anisotropy in 
the right uncinate fasciculus at 6 months is positively correlated with joint attention abilities 
in infants at 9 months (Elison et al., 2013). Moreover, fractional anisotropy within the 
uncinate fasciculus and frontal-dorsomedial thalamic tract correlate with emotional empathy 
(Parkinson & Wheatley, 2014). Finally, reduced fractional anisotropy within the uncinate 
fasciculus and inferior fronto-occipital fasciculus is related to poor social cognition in 
individuals carrying the 22q11.2 deletion (Jalbrzikowski et al., 2014). 
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Alterations to tracts projecting to the orbitofrontal cortex are associated with social cognitive 
impairments in a number of disorders. Alterations to the uncinate fasciculus, which connects 
the amygdala and the orbitofrontal cortex, affect social cognition. For example, damage to the 
uncinate fasciculus is associated with impaired sarcasm detection in individuals with 
behavioural variant fronto-temporal dementia (Downey et al., 2015). Individuals carrying the 
22q11.2 microdeletion display altered white matter microstructure across numerous white 
matter tracts, including reduced fractional anisotropy in the uncinate fasciculus and decreased 
axial diffusivity in the inferior fronto-occipital fasciculus (Radoeva et al., 2012). Alterations 
in these tracts have also been reported in individuals with idiopathic schizophrenia (Ellison-
Wright & Bullmore, 2009; Kuswanto, Teh, Lee, & Sim, 2012). In addition, impaired emotion 
recognition was associated with reduced fractional anisotropy in the inferior fronto-occipital 
fasciculus and corpus callosum in schizophrenic patients (Miyata et al., 2010). In contrast, 
individuals with William’s syndrome display higher fractional anisotropy and axial 
diffusivity within the uncinate fasciculus and inferior fronto-occipital fasciculus (Haas et al., 
2014). Increased white matter in the uncinate fasciculus, right arcuate fasciculus and left 
inferior fronto-occipital fasciculus has also been reported in autism spectrum disorders 
(Radua et al., 2011), as well as increased fractional anisotropy in the frontal lobe, cingulate 
gyrus, insula, superior temporal gyrus and cerebellar peduncle (Cheng et al., 2010). In 
addition, reduced gyrification of the inferior frontal lobe, inferior parietal region and medial 
parieto-occipital region was found to be related to reduced callosal functional anisotropy and 
lower inter-hemispheric frontal connectivity in ASD patients (Schaer et al., 2013). 
Rodent studies suggest that the development and myelination of connections within the 
prefrontal cortex may be particularly important for social cognition. Mice that display social 
impairments as a result of social isolation during development display reduced myelination in 
the prefrontal cortex (Makinodan et al., 2016, 2012). In addition, functional connectivity 
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analyses reveal reduced connectivity within the orbitofrontal cortex of mice that are socially 
isolated during development (Liu et al., 2016a). These studies suggest that changes in 
connections within the prefrontal and orbitofrontal cortex may contribute to social cognitive 
impairments. 
3.1.8 Mechanisms of vesicle release and miniature excitatory post-synaptic 
potentials 
Multiple pre-synaptic proteins regulate pre-synaptic vesicle release. Pre-synaptic vesicle 
release arises when action potentials invade the pre-synaptic bouton and cause the influx of 
calcium. This signal activates fast synaptotagmin-1 calcium sensors which interact with 
SNARE proteins (vesicular SNARE, synaptobrevin; target membrane SNAREs, syntaxin-1 
and SNAP-25) to trigger vesicle fusion and release of neurotransmitter.  
Vesicle release at the pre-synaptic terminals comes from three different ‘pools’, including a 
‘rapid releasable pool’ (RRP), a’ recycling’ pool and a larger ‘reserve’ pool (Rizzoli & Betz, 
2005). Influx of calcium into the presynaptic bouton initiates the release of vesicles from the 
RRP. The readily releasable pool consists of the vesicles that are docked and primed for 
release. The ‘recycling’ pool is then released once the RRP is depleted. This pool is thought 
to be drawn upon during moderate physiological stimulation, when the RRP has run down. 
The reserve pool is rarely released during physiological stimulation, making it difficult to 
determine what role it plays. 
Miniature EPSPs (mEPSPs) are due to the spontaneous release of single vesicles of 
neurotransmitter that occur in the absence of pre-synaptic action potentials. Fatt and Katz 
(1952) and del Castillo & Katz (1954) described these events at the neuromuscular junction 
and determined that these events showed similarity to end-plate potentials in waveform, 
localisation and response to drugs. They then showed that EPPs could be reduced to resemble 
miniature EPPs by incubating the synapses in low concentrations of calcium (del Castillo & 
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Katz, 1954). Furthermore, the EPP amplitudes could be predicted from the distribution of 
mEPP amplitudes. These studies led to the proposal that EPPs consisted of synchronous 
release of multiple ‘mini-EPP’, quantal events.  
There has been some debate as to whether or not mEPSPs reflect release of a single vesicle or 
synchronised release of multiple vesicles. This debate has arisen due to the observation that 
mEPSPs vary considerably in amplitude (Korn and Faber, 1987), leading to the suggestion 
that mEPSPs reflect synchronised spontaneous release of vesicles caused by transient calcium 
influx. Whilst this synchronised release model predicts the variability and positive skew in 
the amplitude of mEPSPs, other research has demonstrated that this variability is retained 
when mEPSPs are evoked by internally perfused buffered calcium in the absence of external 
calcium or by non-calcium dependent means via alpha-latroxin (Frerking, Borges and 
Wilson, 1997). This supports the notion that mEPSP reflect release of a single vesicle. 
mEPSPs provide a global measure of excitatory drive onto a post-synaptic neuron, and are 
therefore commonly used during investigation of excitatory circuit disturbances. However, 
measures of mEPSP frequency and amplitude do not enable determination of how specific 
inputs are altered. 
3.1.9 Short-term facilitation  
Short-term facilitation is an enhancement of the post-synaptic potential (PSP) response with 
repeated stimulation. This contrasts with short-term depression, where PSP amplitudes are 
reduced with repeated stimulation. Short-term facilitation is usually seen at synapses that 
initially have a lower probability of release and is thought to be predominantly controlled by 
pre-synaptic mechanisms, although there are a few cases in which a post-synaptic component 
has been described. For example, synapses with high levels of calcium permeable glutamate 
receptors can facilitate due to a postsynaptic mechanism (Andrei Rozov & Burnashev, 1999). 
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Normally, calcium permeable glutamate receptors are blocked by polyamines. High-
frequency activation of calcium-permeable glutamate receptors releases the polyamine block 
and increases the postsynaptic response. This has been described at excitatory synapses onto 
multipolar interneurons (Andrei Rozov & Burnashev, 1999). However, it does not occur 
routinely at excitatory pyramid – pyramid synapses (Andrei Rozov & Burnashev, 1999).  
Short-term facilitation is accompanied by a decrease in failures of the postsynaptic response 
and an increase in the number of quanta of neurotransmitter released, but no change in 
quantal amplitude (del Castillo & Katz, 1954). These findings suggest that short-term 
facilitation is due to more vesicles of neurotransmitter fusing with the pre-synaptic membrane 
rather than greater release of neurotransmitter by each vesicle.  
A number of mechanisms in the presynaptic bouton have been suggested to contribute to 
short-term facilitation. One suggestion is that facilitation arises as a result of a larger calcium 
signal in the presynaptic axon terminal. The residual calcium hypothesis posits that the 
calcium concentration in the presynaptic terminal does not return to baseline levels before 
another action potential invades the presynaptic terminal (Katz & Miledi, 1968). This 
hypothesis requires a calcium sensor with slower kinetics than synaptotagmin-1 (syt1) or 
synaptotagmin (syt-2). Support for this idea comes from findings that lowering residual 
calcium attenuates facilitation at the crayfish neuromuscular junction (Kamiya & Zucker, 
1994) and at Purkinje cell synapses (Atluri & Regehr, 1996). More recently, it has been 
demonstrated that residual calcium may contribute to facilitation via synaptotamin-7 (syt-7), 
a synaptotagmin with high calcium affinity and slower binding kinetics. Syt-7 KO mice 
display abolished paired-pulse facilitation and synaptic enhancement, with expression of WT 
syt-7 rescuing facilitation (Jackman, Turecek, Belinsky, & Regehr, 2016). However, whilst 
syt-7 can bind to SNAREs in a calcium-dependent manner (Sugita et al., 1999), it is unclear 
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whether syt-7 mediates facilitation by increasing the probability of syt-1 mediated vesicle 
fusion and release or by mediating release itself. Other molecules may also contribute to 
regulation of short-term facilitation and depression. For example, phosphorylation of SNAP-
25 may play a role in down-regulating facilitation by regulating vesicle dynamics and release 
(Katayama et al., 2017). 
Other mechanisms have also been proposed to contribute to facilitation. This includes action 
potential spike broadening, which increases pre-synaptic calcium entry, leading to greater 
facilitation (Jackson, Konnerth, & Augustine, 1991). This contributes to facilitation at mossy 
fiber synapses between granule and CA3 cells of the hippocampus (Geiger & Jonas, 2000). 
However, at many synapses, changes in action potential waveform are small, making this 
mechanism is unlikely to contribute to facilitation. In addition, use-dependent increases in 
calcium influx and saturation of calcium-binding proteins with repetitive stimulation have 
also been proposed to contribute to facilitation (Klingauf & Neher, 1997; Neher, 1998; 
Rozov, Burnashev, Sakmann, & Neher, 2001). 
A number of studies investigating animal models of neurodevelopmental disorders have 
reported altered short-term plasticity. For example, cultured neurons from mice carrying a 
KO deletion of the MeCP2 gene display both reduced mEPSC frequency and increased short-
term depression (Asaka, Jugloff, Zhang, Eubanks, & Fitzsimonds, 2006; Nelson, Kavalali, & 
Monteggia, 2006). Mice carrying a heterozygous mutation in the Dgrc8 gene, which is one of 
the genes disrupted by the 22q11.2 microdeletions and is a risk factor for schizophrenia, also 
display increased short-term depression (Fénelon et al., 2011a). Mice with a disruption in 
DISC1, a risk factor for schizophrenia, display reduced paired-pulse facilitation and enhanced 
short-term depression in the prefrontal cortex (Crabtree et al., 2017). This is likely due to 
widening of action potentials in layer 2/3 pyramidal neurons of the DISC1 mice (Crabtree et 
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al., 2017). The greater calcium entry increases the probability of release, which tends to 
switch the synaptic dynamics from facilitation to depression. 
These findings suggest that altered short-term synaptic plasticity may contribute to impaired 
social cognition in neurodevelopmental disorders. This idea also receives support from a 
study investigating the electrophysiological effects of early weaning in mice. At the 
behavioural level, early weaning of mice leads to enhanced anxiety and impaired social 
interaction. Electrophysiological investigations reveal that this phenotype is accompanied by 
a reduction in paired-pulse facilitation in the prefrontal-amygdala pathway (Takita & 
Kikusui, 2016).  
3.1.10 Neurexins, NRXN1α and synaptic function 
Neurexins are a family of three genes (in humans: NRXN1, NRXN2 and NRXN3) that 
encode pre-synaptic cell-adhesion proteins that play a role in synapse formation and function. 
The NRXN1 gene encodes two protein isoforms, a long neurexin1-α protein and a shorter 
neurexin1-β protein. The promoter for neurexin1-α is upstream of exon 1 whereas the 
promoter for neurexin1-β is located in the intron downstream of exon 17 of the NRXN1 gene. 
Therefore, it is possible for mutations in the NRXN1 gene to block expression of neurexin1-
α, but without affecting expression of neurexin1β-. Microdeletions in the NRXN1α gene are 
risk factors for multiple neurodevelopmental disorders (Kim et al., 2008; Kirov et al., 2009; 
Dabell et al., 2013; Yangngam et al., 2014; Agha et al., 2015).  
Multiple lines of evidence suggest that NRXN1-α plays a role in regulating synaptic function, 
and in particular, in pre-synaptic vesicle release. Neurexin1-α is a receptor for the neurotoxin 
alpha-latroxin, which triggers neurotransmitter release at the pre-synaptic terminal. Neurexin 
1 also binds to multiple molecules involved in pre-synaptic vesicle release, including 
synaptotagmin, CASK, Mints and Munc18, MUPP1 and syntenin, as well as post-synaptic 
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molecules, including neuroligins and LRRTMs (Biederer & Südhof, 2000; Hata, Butz, & 
Südhof, 1996; Hata, Davletov, Petrenko, Jahn, & Südhof, 1993; Jang et al., 2014; Ko, 
Fuccillo, Malenka, & Südhof, 2009). The fact that neurexin 1 binds to molecules involved in 
vesicle release suggests that it may help regulate vesicle release. The interaction with 
synaptotagmins particularly supports this claim, since syntaxin, a component of the SNARE 
complex, also appears to bind to this complex (O’Connor, Shamotienko, Grishin, & Betz, 
1993). In addition, the drosophila homolog of alpha-NRX binds to N-ethylmaleimide-
sensitive factor enzyme, which plays a role in SNARE disassembly.  
Electrophysiological studies also support a role in pre-synaptic function. Loss of neurexins 
does not appear to affect excitatory synapse number (Etherton et al., 2009a; Missler, Zhang, 
Rohlmann, Kattenstroth, Hammer, Gottmann, & Sudhof, 2003). However, in mice, double or 
triple KO of Nrxn1α, 2α, and 3α leads to a reduction in mEPSP frequency (Missler, Zhang, 
Rohlmann, Kattenstroth, Hammer, Gottmann, & Südhof, 2003). In addition, Nrxn1α KO 
mice have been reported to show a reduction in mEPSP frequency in the hippocampus 
(Etherton et al., 2009).  
Nrxn1α has been implicated in the short-term synaptic dynamics evoked by repetitive 
stimulation. Neurexin-alpha double and triple KO mice display reduced paired-pulse 
facilitation (Missler, Zhang, Rohlmann, Kattenstroth, Hammer, Gottmann, & Südhof, 2003). 
A study investigating rats carrying the Nrxn1α KO deletion observed a reduction in paired-
pulse facilitation in the amygdala (Twining et al., 2017). In contrast, in a later study, no 
changes in paired-pulse ratio were seen in Nrxn1α KO mice in the hippocampus (Etherton et 
al., 2009a), despite reduced mEPSP frequency. In drosophila, Nrx mutant synapses display 
increased short-term depression (Li et al., 2015). 
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Mice carrying a homozygous microdeletion in Nrxn1α display impairments in social 
behaviour, including increased aggression and heightened social approach (Grayton et al., 
2013). My results from chapter 2 indicate that these deficits are persistent and occur in the 
absence of deficits in non-social cognition, suggesting that these mice may provide a good 
model for studying social dysfunction. In particular, the deficits in social behaviour observed 
in Nrxn1α KO rodents suggest that they possess an impaired regulation of aggression, 
disinhibition, and deficits in the ability to interpret social information. Indeed, Nrxn1α KO 
mice display aggression in “inappropriate” contexts (e.g. during interaction with juvenile 
mice). Moreover, Nrxn1α KO rats display impaired social fear learning (Twining et al 2017).  
Aggression and disinhibition are common symptoms of orbitofrontal damage (see section 
1.1.2.). Hence, orbitofrontal dysfunction may contribute to the social cognitive impairments 
in Nrxn1α KO mice. However, the orbitofrontal cortex has not yet been examined in Nrxn1α 
KO mice. In addition, no studies have yet examined whether alterations in synaptic function 
are pathway-specific and vary according to whether connections are local or long-distance. 
The aim of this chapter was to investigate layer 2/3 excitatory circuitry in the orbitofrontal 
cortex of Nrxn1α KO mice. In particular, I explored the hypothesis that neurodevelopmental 
disorders are characterised by imbalances in long-range and short-range connectivity by 
examining excitatory post-synaptic potentials evoked in response to local stimulation, and 
stimulation of the prelimbic cortex. 
3.2 Methods 
3.2.1 Neurexin1α mice  
Nrxn1α mice were generated and maintained as described in Chapter 2. Male and female 
Nrxn1α KO and WT mice aged between 10-20 weeks were investigated in this study. 
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3.2.2 Brain Slice Preparation 
Mice were deeply anaesthetised with 3% Isoflurane (Maerial Animal Health Ltd., Harlow, 
UK) in 1 L,min-1 O2. I ensured that pain reflexes were abolished by pinching the hind limb 
firmly. The mouse brain was then cooled rapidly by transcardiac perfusion of ice-cold 
dissection artificial cerebrospinal fluid (aCSF). I did this by cutting the skin in the midline 
from the lower abdomen to the neck. The xiphisternum was clamped and the right and left 
internal jugular neck veins were cut. I cut the ribs laterally and raised the rib cage to expose 
the heart. I inserted a needle into the left ventricle and cold dissection artificial cerebrospinal 
fluid (aCSF) was pumped into the heart for 2-3 minutes. The dissection aCSF contained: (in 
mM): 108 choline chloride, 3 KCl, 26 NaHCO3, 1.25 NaH2PO4, 25 Dextrose, 3 Na 
pyruvate, 2 CaCl2, 1 MgCl2, 285 mOsm, bubbled with 95%O2/CO2. Following transcardiac 
perfusion, the brain was dissected out and placed in ice-cold dissection aCSF, which had an 
osmolality between 285-295 mOsm. I put the mouse brain on a block, which was then 
submerged in a chamber filled with dissection aCSF. I cut coronal slices 300µm thick with a 
vibratome (Camden Instruments Ltd, Loughborough, UK) through medial prefrontal cortex 
(mPFC) starting from the frontal pole until the genu of the corpus callosum was visible to the 
naked eye. 
I transferred the brain slices to a holding chamber in a water bath containing aCSF heated to 
37°C. Slices were kept at 37°C for one hour and then maintained at room temperature. Slices 
were given at least one and a half hours to recover before being transferred to the recording 
chamber. The aCSF in the holding chamber contained (in mM): 124 NaCl, 2.3 KCl, 26 
NaHCO3, 1.43 KH2PO4, 10 Dextrose, 1 MgSO4, and 2 CaCl2. Osmolality of the aCSF was 




3.2.3 Electrophysiological Recordings 
Slices were placed in a recording bath containing artificial cerebrospinal fluid circulating at a 
speed of 3.5 ml/min. Slices were stabilised using a ‘grating’ consisting of an arc of flattened 
platinum wire crossed by strands of dental floss. The aCSF was kept at physiological 
temperature (37°) and bubbled with 95%O2/5%CO2. Slices were allowed a minimum of 15 
minutes to warm up from room temperature before I started my recordings so that the input 
resistance of neurons restabilised at more physiological values. Brain slices were first viewed 
under bright field transillumination using 2x and 5x magnification (Olympus UK Ltd., 
Southall, UK). Patch clamp recordings were made from imaged neurons. To do this, I used 
infrared differential interference contrast microscopy (Olympus, UK Ltd., Southall, UK) with 
a 40x, 0.8 NA water immersion objective and a charge-coupled device camera (SPOT Insight 
QE; Diagnostic Instruments Inc., Sterling Heights, MI).  
I recorded neurons from the ventrolateral and lateral orbitofrontal cortex. Single neurons 
were patched with pipettes with a resistance between 4-8 MΩ pulled from filamented 
borosilicate glass capillaries (1.5 mm outer diameter, 0.86 mm inner diameter; Harvard 
Apparatus Ltd., Edenbridge, UK) using a Flaming/Brown micropipette puller (Model P-97; 
Sutter Insrtument Co., Novato, CA). Pipettes were filled with an internal solution consisting 
of (in mM): 130 KMeSO4, 8 NaCl, 2 KH2PO4, 2 Dextrose, 10 HEPES, 1 Alexa Fluor 568, 
285 mOsm, pH 7.30 at room temperature.  
Cells were approached in voltage-clamp mode to form a gigaseal (cell attached resistance ≥ 1 
GΩ). Once the gigaseal had been formed, I set the holding voltage to – 70 mV and ruptured 
the patch to enter the whole-cell recording configuration. I then switched from voltage clamp 
recording to current clamp recording mode.  All recordings were made with an Axon 
Multiclamp 700A amplifier (Molecular Devices Corporation, Sunnyvale, CA), which was 
controlled digitally by Multiclamp Commander software. Pipette capacitance was 
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compensated (4-7 pF) and bridge balance was adjusted to remove the effect on my recordings 
of the pipette access resistance (10-30 MΩ). I monitored the pipette capacitance and access 
resistance during my recording and adjusted their compensation as necessary to optimize the 
quality of my recordings. Neurons with an access resistance above 40 MΩ or that increased 
by more than 20% during the recording epoch were discarded. Action potentials were filtered 
at 10 kHz and miniature post-synaptic potentials were filtered at 3 kHz using a low-pass 8-
pole Bessel filter. Recordings were digitised at 20 k Samples by a PCIe 6321 DAQ card 
(National Instruments, Austin, TX, USA) in a rig computer and stored on its hard drive. Data 
acquisition was controlled by custom written software by Dr Gerald Finnerty in Labview 
(National Instruments, Austin, TX, USA). 
Neurons with a resting membrane potential more depolarized than -65 mV were discarded. 
The identity of pyramidal neurons was confirmed electrophysiologically by injection of 
suprathreshold, depolarising current pulses lasting 500 ms. Pyramidal neurons were required 
to display: a regular-spiking pattern of action potentials; and action potential peak amplitudes 
above +30 mV. 
3.2.4 Region identification and position of recorded neurons in brain slices 
Neurons from layers 2 and 3 of the ventrolateral and lateral orbitofrontal cortex were 
recorded for these studies (Fig. 17A). Regions were identified with the help of the Allen 
Brain Atlas (Fig. 17B). Neurons were recorded in the region starting at the most medial and 
ventral portion of the frontal cortex midline. The distance of the neurons from the pia was 
calculated to determine the layer in which the neuron was recorded with assistance from the 




Figure 17: Mouse orbitofrontal cortex. 
A: Example image of a mouse orbitofrontal cortex slice, with a depiction of a pipette through 
ventrolateral orbitofrontal cortex. B: Allen brain atlas coronal section through the frontal lobe with 
orbitofrontal cortex above the olfactory bulb. 
3.2.5 Passive membrane properties 
A -0.1 nA, 100 ms duration hyperpolarising current pulse was injected into the neuron within 
5 minutes of achieving the whole-cell recording configuration. This current pulse was used to 
measure neuronal input resistance, and membrane time constant. Neuronal input resistance 
was monitored during recording to ensure that neurons remained healthy throughout the 
recording epoch. In a healthy neuron, input resistance remains stable over recording, except 
for a small increase after break-in. 
3.2.6 Recording of action potential properties and excitability 
Action potential properties and excitability were assessed by recording the responses of 
neurons to injection of 500 ms duration depolarising current pulses, usually ranging from 0.2 
– 1.0 nA in 0.2 nA increments. Other amplitude current injections were sometimes tested. In 
addition, the minimum amplitude of injected current to elicit a single action potential on half 
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of the traces was determined. This is termed the rheobase. The number of neurons per group 
is displayed in Table 1. 
Table 1: Number of neurons in Nrxn1α WT and KO male and female groups for which intrinsic 
excitability was recorded. 
 WT KO 
Male 10 18 
Female 5 14 
Total 15 32 
3.2.7 Recording of spontaneous and miniature activity 
I recorded neural activity in the absence of stimulation, which I refer to as spontaneous 
activity, immediately after collecting excitability data (500 ms – 5s traces). I then washed 
tetrodotoxin citrate (1 µM) and picrotoxin (100 µM) into the bath to record miniature 
excitatory post-synaptic potential (mEPSPs) activity. 1.0 nA and a 0.4 nA, 500 ms duration 
depolarising current pulse were applied every 2 minutes to identify when action potential 
firing was fully blocked. I found that action potentials were abolished 8 minutes after the 
drugs were added to the circulating aCSF. mEPSPs were recorded 12-15 minutes after wash-
in with traces of 5 s duration of spontaneous activity. One neuron was recorded per slice. I 





Table 2: Number of neurons in Nrxn1α WT and KO male and female groups for which mEPSPs 
were recorded. 
 WT KO 
Male 8 17 
Female 5 14 
Total 13 31 
 
Distance from the pia was recorded. Mean distance ± sem from the pia was 325 ± 17 μm 
(WT: 295 ± 27 μm, KO: 338 ± 22 μm). 
3.2.8 Recording of evoked excitatory post-synaptic potentials in response to 
stimulation 
Evoked EPSP activity was collected after wash-on of 50 μM picrotoxin. This was achieved 8 
minutes after the drugs were added to the aCSF. A train of eight pulses was delivered at a 
frequency of 10, 20 and 40 Hz. EPSP amplitude, shape and dynamics were measured a 
minimal stimulation protocol (Finnerty, Roberts, & Connors, 1999). Minimal stimulation was 
defined as the current injection required to evoke an EPSP on each pulse of the train reliably 
on 50% of trials.  
Axons were stimulated with extracellular current pulses generated by a DS2 constant current 
stimulator (Digitimer, Welwyn Garden City, Herts, UK) and applied through bipolar 
concentric fine-tip electrodes (FHC, Bowdoin, Maine, USA). Local stimulation was achieved 
by stimulating axons (mean distance from post-synaptic cell: 460 ± 31 µm; WT: 366 ± 66 
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µm, KO: 554 ± 47 ± µm) in layer 2/3 ventral orbitofrontal cortex with pulses of a duration of 
50 μs and a current amplitude ranging from 10-60 µA (Fig. 18). Stimulation of longer-
distance axons was achieved by stimulating axons in layer 2/3 prelimbic cortex (mean 
distance from post-synaptic cell: 968 ± 56 µm, WT: 949 ± 54 µm, KO: 988 ± 75 µm) with 
pulses of a duration of 100 μs and a current amplitude ranging from 40-200 µA (Table 3). 
Table 3: Number of neurons in Nrxn1α WT and KO male and female groups for which mEPSPs 
were recorded. 
 Local Pathway  Long-range 
Pathway 
 
 WT KO WT KO 
Male 7 17 3 5 
Female 13 9 7 6 





Figure 18: Electrode position in orbitofrontal cortex. 
DIC Image of mouse orbitofrontal cortex with stimulating electrodes positioned in layer 2/3 ventrolateral 
orbitofrontal cortex (local stimulation pathway) and in layer 2/3 prelimbic cortex (long-range stimulation 
pathway). 
3.2.9 Electrophysiological analysis 
Analysis was conducted using custom-written VIs (written by Gerald Finnerty) in Labview 
14.0 unless otherwise noted. 
Passive membrane properties 
Input resistance (Rm), membrane capacitance (Cm) and membrane time constant (τ) of 
neurons were determined from responses to injection of -0.1 nA 100 ms duration 
hyperpolarising square pulses. Values were measured using the Labview VI ‘GTF Passive 
membrane properties’. Rm was calculated using Ohm’s Law, with voltage change defined as 
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the change in membrane potential from baseline to maximum hyperpolarisation. To 
determine the membrane time constant, an exponential curve was fitted to the membrane 
potential hyperpolarisation to calculate the time taken to reach the fraction (1 – 1/e) of 
maximal hyperpolarisation. Cm was determined using the relationship, membrane time 
constant = Rm x Cm. Passive membrane properties were compared across Nrxn1α WT and 
KO male and female mice. In addition, the resting membrane potential of the neurons was 
compared across groups, which was measured 5 minutes after break-in.  
Excitability 
The number of action potentials generated by a 500 ms duration depolarising current pulse 
was counted using the Labview VI ‘GTF AP detector 1.7’. This was counted for pulses 
varying between 0.2 – 1.0 nA. The relationship between current injection and action potential 
number is roughly linear within this range (Cheetham, Hammond, Edwards, & Finnerty, 
2007)). Hence, a linear regression of the relationship between current injection and number of 
action potentials was performed for each neuron. The slopes of the linear regression lines 
were compared across groups. In addition, the current required to generate one action 
potential (threshold) was calculated using the regression line equation y = mx + C. 
Miniature excitatory post-synaptic potential activity 
Two five second traces of spontaneous activity were analysed per neuron. Analysis was 
performed manually using the Labview VI ‘GTF spontaneous EPSPs manual’. mEPSPs were 
defined using the shape criteria described in our lab previously: a depolarising current with a 
time-to-peak < 5ms, a rate of decay after peak that was between 2% of peak mEPSP 
amplitude per ms and (50/time to peak)% of peak mEPSP amplitude per ms (Cheetham et al., 
2007). In addition, mEPSPs were required to have an amplitude ≥ 87.5 µV. This threshold 
was determined by calculating 2.5 times the root mean square of the noise across traces. 
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EPSPs that overlapped (collided) were considered to be separate when the second EPSP 
started > 1 ms after the peak of the first EPSP. The amplitude of mEPSPs was measured by 
positioning vertical cursors at a baseline region and at the EPSP peak. The vertical cursors 
measure the average amplitude within a 1 ms time window around the position of the cursor. 
In addition, the number of mEPSPs per trace was counted to determine mEPSP frequency. 
mEPSP amplitude and frequency were compared across conditions. 
Evoked excitatory post-synaptic potential activity 
EPSPs were evoked by a train of 8 pulses delivered at a current injection intended to evoke 
minimal stimulation at 10, 20 and 40 Hz. EPSP measurements were made after averaging 
EPSP amplitudes across 10 trials. The time between trials was 10 seconds. The following 
criteria were used to differentiate evoked EPSPs from spontaneous activity: 
Trials in which there was excessive spontaneous activity, epileptic activity or polysynaptic 
activity were discarded from analysis. Traces were discarded from analysis if there was no 
clear EPSP 1 as this suggested that my minimal stimulation protocol did not reliably evoke a 
baseline response. 
The baseline EPSP amplitude (first response in the train, EPSP1) was calculated by 
measuring the EPSP amplitude of the first pulse in a train of 8 pulses and averaging 
amplitude over the 10 Hz, 20 Hz and 40 Hz conditions. 
Facilitation was measured by examining the first 100 ms after the first response in the train 
(EPSP1), since neurons displayed the greatest facilitation during this time. The degree of 
facilitation was calculated by averaging the amplitude of the EPSPs occurring in the first 100 
ms after EPSP1 and dividing this averaged amplitude by the amplitude of the EPSP evoked 
on pulse 1. The steady-state ratio was calculated by averaging the EPSP amplitudes of the last 
163 
 
three EPSPs in the train (EPSP5 – 8) and dividing this by the amplitude of the EPSP evoked 
on pulse 1 (EPSP1). 
3.2.10 Statistical analysis 
Statistical tests were performed in SPSS or Sigmaplot unless otherwise stated. For data that 
passed the Kolmogorov-Smirnov test for normality and Levene’s median test for equal 
variance, mean and standard error of the mean were calculated, and data were analysed using 
independent samples t-tests or mixed ANOVA as appropriate. Log transforms were applied 
on non-normally distributed data. If this did not resolve violations of normality and equal 
variance, median and interquartile range was calculated and non-parametric statistics were 
employed. For analysis of short-term dynamics, the distance of the cell from the stimulating 
electrode and sex of the animal were covaried out using ANCOVA. 
3.3 Results 
3.3.1 Passive Membrane Properties 
Passive membrane electrical properties of a cell can affect the way in which the cell responds 
to synaptic inputs, and hence, the propensity of the cell to fire action potentials. As such, I 
first sought to determine whether the passive membrane properties of pyramidal cells were 
altered in Nrxn1α KO mice. 
Resting membrane potential was measured a few minutes after breaking into the cell. I found 
no significant differences in resting membrane potential between WT and Nrxn1α KO 
pyramidal cells in layer 2/3 of orbitofrontal cortex (WT, Vm = -73 ± 1 mV, n = 15 neurons; 
KO, Vm = -73 ± 1 mV n = 32 neurons; t(49) = -0.324, p = 0.747) (Fig. 19A). 
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I found no difference in membrane resistance of layer 2/3 pyramidal neurons in orbitofrontal 
cortex of Nrxn1α mice compared with WT mice (WT, Rm =79 ± 9 MΩ, n = 15 neurons; KO 
Rm = 69 ± 7 MΩ, n = 32 neurons; t(49) = -0.785, p = 0.436) (Fig. 19B). 
The membrane time constant (τm) reflects the time required to change the membrane potential 
by 1-(1/e) of the final change in voltage. I found that there was no difference in the 
membrane time constant of layer 2/3 pyramidal neurons in orbitofrontal cortex of WT and 
Nrxn1α KO mice (WT, τm = 9.7 [9.4-14.0] ms, n = 15 neurons; KO, τm = 9.9 [9.4-10.6] ms, n 
= 32 neurons; U = 294, p = 0.853, Mann-Whitney U test) (Fig. 19C). 
Finally, the membrane capacitance (Cm) of pyramidal neurons was similar in WT and KO 
pyramidal cells recorded from layer 2/3 of orbitofrontal cortex (WT, Cm = 154 [138-232] pF, 
n = 15 neurons; KO, Cm = 172 [117-238] pF, n = 32 neurons; U = 276, p 0.592, Mann-
Whitney U test) (Fig. 19D). 
In summary, I found no difference in the passive membrane properties of layer 2/3 pyramidal 




Figure 19: Passive membrane properties of layer 2/3 orbitofrontal pyramidal neurons in WT and 
Nrxn1α KO mice. 
A: Box and whisker plot of resting membrane potential of layer 2/3 pyramidal neurons in orbitofrontal 
cortex of WT (grey) and Nrxn1α KO mice (red). B: Box and whisker plot of input resistance (MΩ) in WT 
(grey) and KO pyramidal neurons (red). C: Box and whisker plot of time constant (Tm) in WT (grey) and 
KO pyramidal neurons (red). D: Box and whisker plot of membrane capacitance (Cm) in WT (grey) and 
KO (red) pyramidal neurons. 
3.3.2 Intrinsic Excitability and Action Potential Firing 
Neurons were classified as pyramidal on the basis of their pyramidal shaped soma when 
imaged and electrophysiological properties, including input resistance and firing pattern. 
Orbitofrontal pyramidal neurons displayed regular-spiking neural firing (Fig. 20A).  
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The excitability of layer 2/3 excitatory pyramidal neurons in orbitofrontal cortex was 
measured by plotting action potentials firing changes with increasing current injections (100-
1000 pA) to generate an input-output curve. Since these plots are roughly linear in the range 
of +100 pA to +1000 pA, a line was fitted to the data for each cell, as we have done 
previously in my laboratory (Cheetham et al., 2007). The line of best fit was used to 
determine the slope and rheobase of for each cell (Fig. 20B).  
I found that the slope of the input-output function was not altered in KO mice compared with 
WT mice (WT: 0.036 ± 0.004 Hz.pA-1, n = 15 neurons, KO; 0.040 ± 0.003 Hz.pA-1, n = 32 
neurons, t(49) = 0.179, p = 0.858). There was also no significant difference in the mean 
intercept in KO mice relative to WT mice (WT: -3.406 ± 1.247, n = 15 neurons, KO: -7.211 ± 
1.369, n = 32 neurons t(49) = -1.881, p = 0.066) (Fig. 20C). The, rheobase was estimated 
from the input-output curve by calculating the current required to generate one action 
potential (y = 1) in the output-input function. There were no significant differences in 
estimated rheobase for layer 2/3 pyramidal neurons in orbitofrontal cortex of KO mice 
compared with WT mice (WT: rheobase = 87.10[1-199] mV, n = 15 neurons, KO: rheobase = 
182.10[85-336] mV, n = 32 neurons, U = 209, p = 0.066, Mann-Whitney U Test) (Fig. 20D). 
I concluded that the Nrxn1α microdeletion did not affect the passive membrane properties or 






Figure 20: Intrinsic excitability of layer 2/3 pyramidal orbitofrontal neurons in WT and KO 
animals. 
A: Example traces of action potentials in one layer 2/3 pyramidal neuron in orbitofrontal cortex evoked 
by 500 ms depolarising current pulses (200-1000 pA). B: Input-output function for a layer 2/3 pyramidal 
neuron in orbitofrontal cortex. C: Mean input-output functions ± sem in WT (grey) and KO neurons 
(red). D: Box and whisker plots of input-output function slope in WT and KO neurons. E: Box and 
whisker plots of extrapolated rheobase (threshold for firing of one action potential) in WT and KO 
neurons. F: Box and whisker plots of intercept in WT and KO neurons. 
3.3.3 Mini Excitatory Post-synaptic Potentials (mEPSPs) 
Miniature EPSPs (mEPSPs) are small EPSPs that occur spontaneously in the absence of 
action-potential generated activity (del Castillo & Katz, 1954; Fatt & Katz, 1952) (Fig. 21A). 
mEPSPs are thought to reflect release of a single vesicle at at one synapse. The frequency and 
amplitude of miniature EPSPs provides a measure of the strength of excitatory drive onto a 
post-synaptic neuron. Therefore, mEPSPs represent a good starting point for exploring 
disruptions in excitatory circuitry. 
mEPSP frequency is predominantly pre-synaptically determined, and depends on both the 
number of synapses at a post-synaptic neuron, and the rate of action potential independent 
vesicle release at individual synapses. Neurexin-1α is a pre-synaptic protein that is thought to 
play a role in regulating synaptic function. The black widow spidertoxin, α-latrotoxin, 
induces release of neurotransmitter by binding to neurexin-1α at presynaptic terminals 
(Geppert et al., 1998). Hence, it is possible that knock-out deletion of Nrxn1α  might alter 
mEPSP frequency. Indeed, in a previous study, Nrxn1α KO mice displayed reduced mEPSP 
frequency in the hippocampus, although this study was conducted with mice maintained on a 
mixed backrgound. In addition, triple and double neurexin KO mice display reduced mEPSP 
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frequency in the absence of changes in the number of synapses, suggesting a role in synaptic 
function.  
As such, I sought to determine whether mEPSP frequency was altered in Nrxn1α KO mice. 
The mean frequency of mEPSPs was not significantly altered in Nrxn1α KO pyramidal 
neurons relative to WT pyramidal neurons (WT, 13 ± 1 Hz, n = 13, neurons; KO, 13 ± 1 Hz, 
n = 31, neurons; t(42) = 0.160, p = 0.873, t-test) (Fig. 21B, C). 
Next, I sought to explore whether mEPSP amplitude was affected in Nrxn1α KO mice. Since 
mEPSPs reflect activity at a single synapse, the amplitude of mEPSPs is not influenced by 
synapse number. mEPSP amplitude is influenced by the density of AMPA and NMDA 
receptors at the post-synapse and the amount of neurotransmitter released. There was no 
significant difference in the mean amplitude of mEPSPs in Nrxn1α KO pyramidal neurons 
compared with WT pyramidal neurons (WT, 0.16 ± 0.01 mV, n =  13 neurons; KO, 0.16 ± 
0.01 mV, n = 31 neurons, t(42) = 0.414, p = 0.681, t-test on log transformed data) (Fig. 21D, 
E). 
Finally, I explored whether mEPSP amplitude and frequency were influenced by the cortical 
layer from which neurons were recorded. Neither mEPSP amplitude nor mEPSP frequency 
correlated with distance of the neurons from the orbitofrontal pia in either WT neurons 
(frequency: r = -0.221, n = 13 neurons, p = 0.488, amplitude: r = -0.144, n = 13, p = 0.448) or 
Nrxn1α KO neurons (frequency: r = -0.361, n = 31 neurons, p = 0.225, amplitude: r = 0.097, 




Figure 21: mEPSPs in WT and KO orbitofrontal pyramidal neurons. 
A: Example trace (100 ms) of spontaneous mEPSP activity in an orbitofrontal pyramidal neuron. Arrows 
point to mEPSPs. B: Mean ± sem mEPSP frequency (Hz) in WT and KO neurons with overlaid scatter. 
C: Cumulative fraction plot displaying mEPSP frequency in WT and KO neurons. D: Mean ± sem 
mEPSP amplitude in WT and KO neurons with overlaid scatter of data from WT (empty circles) and 
Nrxn1α KO layer 2/3 pyramidal neurons (red).E: Cumulative fraction plot displaying mEPSP amplitude 
in WT and KO neurons. 
In rodent somatosensory layers 2/3, mEPSC amplitude and frequency are altered in opposite 
directions during critical period plasticity (Desai, Cudmore, Nelson, & Turrigiano, 2002). 
However, in rodent orbitofrontal cortex, the relationship between mEPSP amplitude and 
frequency remains unexplored. As such, I explored whether mEPSP frequency and amplitude 
were correlated in WT and KO neurons. There was a significant positive correlation between 
mEPSP frequency and amplitude in both WT and KO neurons (WT, r = 0.976, n = 14 
neurons, p < 0.001; KO: r = 0.974, n = 31, p < 0.001, Fig. 22). This demonstrated that in both 
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WT and KO mice, layer 2/3 neurons in orbitofrontal cortex that displayed larger mEPSP 
amplitudes also displayed higher mEPSP frequencies. 
 
Figure 22: Correlation between mEPSP frequency and amplitude. 
mEPSP amplitude and frequency are positively correlated in WT and KO pyramidal cells. Scatter plot of 
mEPSP amplitude versus mEPSP frequency in WT (grey, n = 13 neurons) and KO (red, n = 31 
neurons) with linear regression lines. 
In summary, I found no changes in excitatory circuitry in the orbitofrontal cortex of Nrxn1α 
KO mice via the investigation of mEPSPs. However, mEPSPs possess limitations in their 
ability to provide insight into excitatory synaptic transmission in circuits. First, mEPSPs 
reflect global input onto a post-synaptic neuron. Recorded mEPSPs at a post-synaptic neuron 
originate from multiple different inputs and there is no way to determine the source (e.g. 
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layer and region) of these inputs. In addition, some evidence suggests that mEPSPs may 
originate from a different vesicle pool to those used during evoked release (Kavalali, 2014). 
To the extent that spontaneous vesicle release originates from a different pool to evoked 
vesicle release, mEPSPs may provide limited insight into the properties of evoked release. 
Therefore, I sought to explore excitatory circuitry in more detail by investigating EPSPs 
evoked in response to axonal stimulation. 
3.3.4 Local and long-distance evoked excitatory post-synaptic potentials 
I first examined the amplitude of evoked excitatory post-synaptic potentials (EPSPs). The 
size of EPSP 1 was comparable across genotypes and across stimulation pathway (WT: Vm = 
0.35 ± 0.04 mV, n = 30 neurons, KO: Vm = 0.55 ± 0.09 mV, n = 37 neurons, genotype 
factor: F(1,63) = 2.683, η2 = 0.041, p = 0.106, pathway factor: F(1,63) =  0.095, η2 = 0.002, p 
= 0.759, genotype x pathway interaction: F(1,63) = 0.420, η2 = 0.007, p = 0.519, Fig. 23). 
 
Figure 23: EPSP amplitude in WT and KO neurons. 
Evoked EPSP amplitude (mV) in layer 2/3 orbitofrontal pyramidal WT (empty circles, n = 30 neurons) 
and KO (red, n = 37 neurons) neurons. 
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Next, I examined the short-term dynamics of EPSPs upon repetitive stimulation. The 
amplitude of EPSPs was normalised to the first EPSP in the train. Distance of the cell from 
the electrode and sex were covaried out. The majority of orbitofrontal layer 2/3 pyramidal 
neurons displayed initial facilitation which was most apparent 100 ms into the train. After 
initial facilitation, EPSP responses then declined to a steady-state (Fig. 24A, B). This 
facilitation appeared more prominent in the short-range pathway (Fig. 24B). Since the 
amplitude of EPSP1 was comparable across pathways and genotypes, responses were 








Figure 24:Short-term dynamics of EPSPs in orbitofrontal pyramidal layer 2/3 neurons evoked by 
local and long-range stimulation. 
A: Example trace of evoked EPSP activity in an orbitofrontal pyramidal layer 2/3 neuron at 10, 20 and 
40 Hz stimulation frequencies in local (short-range) and long-range pathways. B: Raw amplitude of 
evoked EPSPs plotted against time in trial in the short-range pathway in WT (i) and KO (ii) orbitofrontal 
layer pyramidal 2/3 neurons (i), and raw EPSP amplitude in the long-range pathway in WT (iii) and KO 
(iv) orbitofrontal layer pyramidal 2/3 neurons. C: Normalised EPSP amplitude plotted against time in 
trial (ms) in the short-range pathway in WT (i) and KO (ii) orbitofrontal layer pyramidal 2/3 neurons, and 
normalised EPSP amplitude in the long-range pathway in WT (iii) and KO (iv) orbitofrontal layer 2/3 
pyramidal neurons. 
I first sought to compare the degree of facilitation in orbitofrontal layer 2/3 pyramidal 
neurons. Since facilitation was most prominent in the first 100 ms, facilitation was measured 
by averaging the pulses occurring in the first 100 ms after pulse 1 and dividing this by pulse 
1. WT orbitofrontal layer 2/3 pyramidal neurons displayed significantly greater facilitation 
than KO orbitofrontal layer 2/3 pyramidal neurons (WT: 1.5 ± 0.2; n = 30 neurons, KO: 1.0 ± 
0.2, n = 37 neurons, F(1,59) = 4.780, η2 = 0.075, p = 0.033). Facilitation was more apparent 
in the short-range pathway, although this did not reach significance (F1,59) = 2.978, η2 = 
0.048, p = 0.090, Fig. 25A).  
I then explored the steady-state amplitude reached in orbitofrontal pyramidal layer 2/3 
neurons. The steady-state amplitude responses were also significantly greater in WT than KO 
orbitofrontal pyramidal layer 2/3 neurons (WT: 1.6 ± 0.2, n = 30 neurons, KO: 1.0 ± 0.2, n = 
37 neurons, F(1,59) = 4.938, η2 = 0.077, p = 0.030, Fig. 25B). This finding was observed 





Figure 25: Paired-pulse and steady-state ratio of evoked EPSPs in orbitofrontal pyramidal layer 
2/3 neurons in local and long-range pathways. 
A: Bar chart depicting mean ± sem paired-pulse ratio (PPR) in the short and long-range pathway at 10, 
20, and 40 Hz frequency stimulation in WT (grey) and KO (red) orbitofrontal layer 2/3 pyramidal 
neurons. B: Bar chart depicting mean ± sem normalised steady-state response (SSR) in the short and 
long-range pathway at 10, 20, and 40 Hz frequency stimulation in WT (grey) and KO (red) orbitofrontal 
layer 2/3 pyramidal neurons. 
In summary, my results demonstrated that orbitofrontal layer 2/3 pyramidal neurons display 
reduced short-term facilitation in response to stimulation from both local connections within 
orbitofrontal cortex, and long-range pathways from prelimbic cortex.  
3.4 Discussion 
The aim of this chapter was to investigate orbitofrontal cortex circuitry in Nrxn1α KO mice. 
This mouse line carries a microdeletion which is a risk factor for multiple 
neurodevelopmental disorders, and displays selective deficits in social behaviour that may 
involve the orbitofrontal cortex. A main aim of the study was to explore whether Nrxn1α KO 
mice possess altered neural circuitry in the orbitofrontal cortex.  I used recordings of mEPSPs 
to give a global measure of synaptic input onto layer 2/3 pyramidal neurons in orbitofrontal 
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cortex. I sought to compare local and long-range connectivity in the orbitofrontal cortex to 
examine the properties of these connections in the orbitofrontal cortex and determine whether 
Nrxn1α KO mice display pathway-specific changes in synaptic function. Finally, I also 
investigated whether intrinsic excitability was altered in Nrxn1α KO mice. 
I found that: 
 Local excitatory connections in the orbitofrontal cortex displays greater short-term 
facilitation than long-range excitatory connections from prelimbic cortex to the 
orbitofrontal cortex 
 Nrxn1α KO mice display reduced short-term facilitation. This manifests as a shift 
towards short-term depression in the orbitofrontal cortex and is most obvious in local 
excitatory connections 
 Deletion of Nrxn1α does not affect mEPSP frequency or amplitude 
 Nrxn1α KO mice do not show altered intrinsic excitability 
Multiple researchers have proposed that disorders of neurodevelopment such as autism and 
schizophrenia are accompanied by changes in synapse density (Courchesne & Pierce, 2005). 
Specifically, deficits in synaptic pruning have been proposed as a cause of 
neurodevelopmental disorders (Feinberg, 1982). This is consistent with neuropathology 
studies reporting changes in the number of dendritic spines in autism and in schizophrenia 
(Glantz & Lewis, 2000; Hutsler & Zhang, 2010; Irwin et al., 2001). A number of these 
studies implicate prefrontal cortical layers 2 and 3.  
I found no changes in the intrinsic excitability and passive membrane properties of Nrxn1α 
KO orbitofrontal layer 2/3 pyramidal neurons. Given that neurexin1-α is a synaptic protein, 
changes in intrinsic excitability might not be expected. Nonetheless, alterations in synaptic 
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circuitry may lead to homeostatic changes in intrinsic excitability to compensate for the 
synaptic alterations.  The absence of changes in intrinsic excitability in Nrxn1α KO neurons 
in this study is consistent with previous research (Etherton et al., 2009; Missler, Zhang, 
Rohlmann, Kattenstroth, Hammer, Gottmann, & Südhof, 2003; Twining et al., 2017), and 
with the fact that neurexin1-α is a synaptic protein. 
I also found no changes in mEPSP frequency or amplitude in Nrxn1α KO mice. This 
contrasts with Etherthon and colleagues 2009, who observed a reduction in mEPSP frequency 
in the hippocampus of Nrxn1α KO mice, and Missler and colleagues, who observed reduced 
mEPSP frequency in double and triple neurexin KO mice. This difference in result may 
reflect regional differences in the effects of neurexin1-α. Alternatively, this may be 
attributable to the genetic background of the mouse line that was studied. The mice used in 
Etherton et al 2009 were maintained on a mixed SV126/C57BL6J background. The use of the 
SV126 strain may confound electrophysiological results as this strain possesses additional 
mutations, including a mutation in DISC1 (Koike et al., 2006). In contrast, the mice that I 
studied had a “clean” genetic background:  they were maintained on a C57BL6J background 
backcrossed for eight generations to remove background strain effects. In addition, in Missler 
et al (2003) who worked on double and triple Nrxn KO mice, changes in mEPSP frequency 
may be caused by loss of the other neurexin proteins, which may play a greater role in 
synapse formation, or may be able to compensate for the absence of neurexin1-α. Indeed, 
Nrxn2-α KO mice display reduced mEPSP frequency (Born et al., 2015b). 
The absence of changes in mEPSP frequency suggests that the Nrxn1α KO deletion does not 
alter the number of excitatory synapses, and that neurexin-1α does not play a role in 
excitatory synapse development. My finding that the evoked EPSP amplitude was not altered 
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in Nrxn1α KO mice is consistent with the suggestion that Nrxn1α does not alter the number 
of excitatory synapses. 
The results of this study suggest that in the case of the Nrxn1α mutation, there are no deficits 
in excitatory synaptic pruning, and that accompanying behavioural deficits (e.g. in social 
behaviour) are not caused by a change in synapse number. Whilst it is possible that there are 
changes in the number of synapses in other brain regions, the fact that studies of the effects of 
the Nrxn1α deletion in other brain regions, such as the hippocampus (Etherton et al., 2009) 
and amygdala in rats (Twining et al., 2017), did not find changes in excitatory synapse 
number supports this claim. Globally, these results suggest that the social dysfunction 
observed in Nrxn1α KO mice is not caused by changes in the number of excitatory synapses 
or synaptic pruning deficits. 
What does this mean with regards to the finding that excitatory synapse number is altered in 
neurodevelopmental disorders? Neurodevelopmental disorders can have heterogeneous 
causes, and there are numerous genetic risk factors that increase risk for neurodevelopmental 
disorders. It is likely that these different risk factors alter circuitry in differing ways. Indeed, 
some mouse models carrying genetic risk factors do display changes in the number of 
excitatory synapses (Dani et al., 2005; Dani & Nelson, 2009; Greenough et al., 2001; 
Harrington et al., 2016; Qiu et al., 2011). It is likely that the exact nature of the 
developmental disturbances may vary across individuals with neurodevelopmental disorders, 
and that a change in the number of excitatory synapses may not be a consistent feature across 
all individuals. This is supported by the small effect sizes observed in neuropathological 
studies, which do not find changes in number of synapses in all individuals. Whilst this may 
to some extent account for symptom heterogeneity, it is possible that different circuit 
abnormalities can produce a similar effect on circuit output. 
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In this study, I also found no change in mEPSP amplitude and EPSP amplitude, suggesting 
that post-synaptic AMPA and NMDA receptor function was unaltered in Nrxn1α KO mice. 
Since neurexin-1α is a presynaptic protein, one might not expect a change in post-synaptic 
function as a result of its loss in neurons. However, neurexin-1 α does bind to post-synaptic 
proteins, including neuroligins and LRRTMs. Mutations in neuroligins can impair post-
synaptic function. It is possible that neurexin1-α could affect post-synaptic function through 
trans-synaptic signalling via neuroligins and LRRTMs. Indeed, binding of neurexin-3 with 
post-synaptic proteins has been shown to regulate AMPAR trafficking and post-synaptic 
function (Aoto et al., 2013). In addition, one study of alpha-neurexin triple KO mice found 
altered NMDA receptor function in excitatory cells (Kattenstroth, Tantalaki, Sü, Gottmann, 
& Missler, 2003). However, the results from this study support past research in indicating 
that Nrxn1α does not play a role in post-synaptic function (Etherton et al., 2009; Missler, 
Zhang, Rohlmann, Kattenstroth, Hammer, Gottmann, & Südhof, 2003; Twining et al., 2017). 
In this study, I observed that short-term synaptic facilitation was reduced in Nrxn1α KO 
mice. My findings agree with studies of neurexin-1α function in other brain regions (Missler, 
Zhang, Rohlmann, Kattenstroth, Hammer, Gottmann, & Südhof, 2003; Twining et al., 2017). 
In Twining et al (2017), Nrxn1α KO rats displayed altered observational learning and absent 
paired-pulse facilitation in connections linking the medial and lateral amygdala. Reduced 
facilitation and increased short-term depression have also been observed in other mouse 
models, including in mice possessing a KO deletion of Nrxn2 (Born et al., 2015b) and 
numerous other disorders. 
My findings suggest that neurexin-1α plays a role in regulating short-term facilitation at 
excitatory synapses in orbitofrontal cortex. This is likely achieved via its interactions with 
proteins involved in pre-synaptic vesicle release. Indeed, neurexin-1α interacts with 
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synaptotagmins, mints and other proteins involved in release. In my study, EPSP amplitude 
and mEPSP frequency were unaltered in Nrxn1α knock-out mice. This indicates that synaptic 
vesicle release is not abolished by the absence of neurexin-1α. Instead, neurexin-1α may play 
a specific role in the mechanisms that generate synaptic facilitation. Short-term facilitation 
requires vesicle release, but likely involves additional mechanisms to those required for low 
frequency evoked release. Studies have implicated synaptotagmin-7 as a calcium sensor 
mediating synaptic facilitation (Jackman & Regehr, 2017). It would be of interest to 
determine whether neurexin-1α binds to synaptotagmin-7. 
The loss of short-term facilitation that I describe was not accompanied by a reduction in 
mEPSP frequency (or amplitude). This may appear surprising given that both depend on 
presynaptic vesicle release mechanisms. One explanation is that neurexin-1α is involved in 
the regulation of vesicle release mechanisms that are only elicited by repetitive stimulation. 
Indeed, short-term facilitation is thought to require additional mechanisms that are not 
apparent with low frequency activation of synapses.  
A different explanation is that different pools of synaptic vesicles generate mEPSPs and 
action potential dependent synaptic transmission. Traditionally, the vesicles involved in 
action potential dependent synaptic transmission are thought to be part of a readily releasable 
pool of synaptic vesicles. Hence, neurexin-1α may play a specific role in regulating vesicle 
release only from only the readily releasable vesicle pool involved in action potential 
dependent synaptic transmission.  
There has been considerable debate about whether mEPSPs originate from the same pool of 
vesicles as that used during evoked EPSPs (Kavalali, 2014). Some research suggests that the 
two originate from pools that can be differentiated. Indeed, spontaneous vesicle release can 
be blocked without blocking evoked vesicle release, and seem to emanate from a 
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reluctant/reserve pool (Sara, Virmani, Deák, Liu, & Kavalali, 2005). Spontaneous vesicle 
release can still occur in mice lacking synaptobrevin, a component of the SNARE complex 
which is required for calcium-dependent evoked release, although spontaneous release is still 
decreased (Schoch et al., 2001). Moreover, other SNARE proteins such as VAMP4 and 
VAMP7 have been found to play a role in spontaneous asynchronous vesicle release. Some 
research has also found that recovery of spontaneous vesicle release after vesicle depletion 
relies on refilling of a reserve pool rather than the readily releasable pool, suggesting that the 
vesicle pools for spontaneous and evoked activity are partially dissociable (Koenig & Ikeda, 
1999). However, other research does not support this idea. Indeed, there is a correlation 
between responsiveness of evoked release and spontaneous release. Moreover, studies have 
found that the majority (70-90%) of spontaneous events are mediated by synaptobrevin-1, 
like evoked calcium-dependent release (Xu, Pang, Shin, & Südhof, 2009), and that the same 
pool of vesicles is used during both spontaneous and activity-dependent release (Wilhelm, 
Groemer, & Rizzoli, 2010). 
I studied the synaptic dynamics of two different excitatory inputs to layer 2/3 pyramidal 
neurons. Local excitatory inputs within orbitofrontal cortex appeared to exhibit greater short-
term facilitation than longer-distance inputs from a different subregion of the prefrontal 
cortex, prelimbic cortex. The loss of synaptic facilitation in the Nrxn1α KO mice may affect 
the way that information from the different inputs is integrated in orbitofrontal cortex. 
Reduced facilitation of short-range local input may give greater prominence to longer-range 
inputs, which may alter the way in which stimuli are processed. Long-range inputs tend to 
have a longer delay to reach post-synaptic neurons despite their greater myelination. 
Facilitation of short-range inputs may serve to enhance local inputs and help to integrate local 




Synaptic facilitation contributes to the short-term synaptic dynamics and, as such, has been 
proposed to play a role in information transfer across synapses (Fuhrmann, Segev, Markram, 
& Tsodyks, 2002). In isolation, synaptic facilitation causes synapses to act as high pass filters 
of neural firing. This promotes the importance of bursting activity as a mechanism for 
information transfer (Lisman, 1997). However, in the neocortex, many excitatory synapses 
exhibit a combination of synaptic facilitation and synaptic depression. When balanced, the 
synaptic facilitation and synaptic depression counteract each other.  
Short-term facilitation has previously been proposed to contribute to aspects of non-social 
cognition. In particular, short-term facilitation has been proposed to play a role in working 
memory by preserving certain patterns of activity during a delay (Mongillo, Barak, & 
Tsodyks, 2008). This is called the synaptic theory of working memory. Since I observed that 
Nrxn1α KO mice display reduced short-term facilitation but intact non-social cognition, my 
results do not lend support to the synaptic theory of working memory. Instead, my results 
suggest a role of short-term facilitation in social cognition. Few studies have explored the 
role of synaptic facilitation in social cognition. However, some lines of evidence support the 
notion that synaptic facilitation is particularly important for social cognitive functions. First, 
one recent study indicated that facilitation in the pathway between medial and lateral 
amygdala may contribute to socially transmitted fear learning (Twining et al., 2017). In 
addition, reduced short-term facilitation has been observed in a number of rodent models of 
neurodevelopmental disorders that carry social deficits (see Crabtree and Gogos, 2014, and 
chapter 6 for a more in-depth review).  
In conclusion, my results indicate that Nrxn1α KO mice display reduced short-term 
facilitation in excitatory layer 2/3 pyramidal neurons of the orbitofrontal cortex in the 
absence of any other changes to excitatory circuitry. This impairment affects both local 
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connections and long-range connections from the prelimbic cortex, and may have a 





4 The role of whisker-mediated sensory input in development of 
social play 
4.1 Introduction 
4.1.1 Neurodevelopment in typical and atypical individuals 
Neurodevelopmental disorders are a heterogeneous set of conditions that disrupt brain 
development, resulting in symptoms spanning perceptual, social, cognitive and emotional 
domains. The high occurrence of neurodevelopmental disorders, which affect 3-4% of 
children in the UK (Emerson, 2012), suggests that early infant development represents a key 
period of vulnerability. That early infancy is a vulnerable period is supported by the high 
incidence of mental illness in children (Green et al., 2005), as well as evidence that early 
experience plays an important role in the origins of mental illnesses (Beckett et al., 2006; 
Connor, Bredenkamp, & Rutter, 1999). These studies highlight the need to understand how 
brain development supports the acquisition of typical and atypical behaviours. 
Substantial progress has been made in characterising the trajectory of postnatal brain 
development and in understanding how it supports perceptual, cognitive and social-emotional 
development. One line of research has concentrated on the impact of early experiences on 
cortical specialisation and behavioural development. These studies have revealed “critical” or 
“sensitive” time-windows during which experiences play a significant role in shaping brain 
circuitry in a particular brain region. For example, monocular deprivation during early 
development disrupts the emergence of ocular dominance columns (Hubel & Wiesel, 1964). 
Likewise, somatosensory deprivation elicited by whisker trimming alters normal barrel cortex 
connectivity in rat barrel cortex when whiskers are trimmed in the first few weeks after birth 
(Shepherd et al., 2003). More recently, researchers have begun to explore the impact of early 
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experiences on cognitive and social development through procedures such as social isolation 
(Fone & Porkess, 2008). These studies have revealed sensitive periods in development during 
which social isolation can markedly disrupt social competence in adulthood (Hol et al., 1999; 
van den Berg et al., 1999). 
Investigations into the effects of early experience on development have mostly concentrated 
on the behavioural domain to which the experience primarily relates. For instance, the impact 
of early visual deprivation has been assessed in the context of visual development. In 
contrast, little work has been done to explore whether and how alterations in early experience 
in one domain affect the development of other cognitive domains. This is important, because 
the acquisition of new cognitive abilities does not arise in isolation of existing abilities. 
Multiple studies suggest that the development of at least some complex psychological 
abilities relies on the normal acquisition of more basic skills. For example, the ability to track 
and follow eye gaze is thought to be crucial for later social and language development (Senju, 
Johnson, & Csibra, 2006). As such, altered development in one behavioural domain may 
influence the course of development of other behavioural domains.  
This notion may have particular implications for our understanding of neurodevelopmental 
disorders. Neurodevelopmental disorders are characterised by the presence of abnormal 
symptoms across multiple behavioural domains. These symptoms are often considered as 
distinct problems. For example, the social deficits observed in autism spectrum disorders are 
studied separately from cognitive or sensory symptoms. However, the interpretation of 
patterns of “spared” and “impaired” abilities is complex in disorders that occur during 
development. A genetic or environmental insult that affects the acquisition of one skill or 
domain may have knock-on “cascade” effects on the later development of other cognitive 
abilities. Even “spared” abilities may be acquired in a manner that deviates from neurotypical 
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development (Karmiloff-Smith, 2009; Karmiloff-Smith et al., 2003). Hence, the symptoms 
observed in neurodevelopmental disorders may be better understood as an end product of a 
complex interplay between the initial insult, the environment, the effect of the initial insult on 
continued development, and compensatory changes (Karmiloff-Smith, 2009; Karmiloff-
Smith et al., 2003). 
According to this “neuroconstructivist” account, a better understanding of 
neurodevelopmental disorders requires consideration of how cognitive domains interact 
during development. For example, do early impairments in “lower-level” perceptual or motor 
domains alter the course of development of other cognitive abilities? It is likely that distinct 
cognitive abilities differ in the extent to which they rely on that normal acquisition of other 
abilities. 
Social cognition has a particularly protracted developmental trajectory, extending from early 
childhood into late adolescence and early adulthood (a thorough description of the trajectory 
of social development is provided in chapter 1, section 1.2.1.). What factors shape social 
development, and why does social cognition appear so vulnerable to developmental insults? 
Sensory perception is one factor that may influence social development. Normal social 
interactions heavily rely on the ability to process sensory cues. During infancy, perceptual 
development occurs ahead of social cognitive development. Therefore, it is possible that 
perception may help to shape social development. The aim of this chapter is to investigate 
this research question. 
4.1.2 Social cognition and social development 
Social functioning is critical to our survival and health. As a result, we possess dedicated 
cognitive processes that enable us to navigate social situations, and a rich and flexible 
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repertoire of social behaviours. In addition, multiple brain regions are involved in processing 
socially relevant information (Adolphs, 1999, 2001a).  
Although certain aspects of social cognition may be present from birth (for example, 
preference for looking at faces – (Johnson, Dziurawiec, Ellis, & Morton, 1991b), social 
cognitive abilities are, for the most part, acquired across development. Studies of the 
trajectory of social development have revealed that distinct social cognitive abilities are 
acquired at different ages and at different rates (see chapter 1, section 1.2.1). For instance, the 
ability to follow another person’s gaze precedes learning to gesture to attract another person’s 
attention (Tomasello et al., 2007). In addition, the development of at least some social-
cognitive abilities appears to build off existing social and non-social skills. For example, the 
ability to process faces and attend to eyes is required to track gaze, which is an important 
precursor to joint attention (Farroni, Mansfield, Lai, & Johnson, 2003). Joint attention and 
pretend play are themselves thought to be important precursors to the acquisition of theory of 
mind (Charman et al., 2000).  
Social cognitive development is particularly protracted compared to other cognitive and 
perceptual domains; social cognition continues to develop through early infancy into late 
adolescence and early adulthood. This is mirrored by a protracted period of development of 
cortical regions that form the “social brain ( Huttenlocher, 1979; Huttenlocher et al., 1982; 
Blakemore, 2008; Petanjek et al., 2011). For example, prominent grey and white matter 
changes are observed in the prefrontal cortex across adolescence (Barnea-Goraly et al., 2005; 
Giedd et al., 1999; Gogtay et al., 2004; Sowell, Thompson, Holmes, Jernigan, & Toga, 1999). 
As a result of this protracted development, social cognition is particularly susceptible to 
disruption. Brain injuries and tumours acquired during childhood and adolescence have 
particularly devastating effects on social cognition. Impaired social cognition is also observed 
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across numerous developmental disorders. It is a diagnostic feature of autism spectrum 
disorders (ASDs), but is also a feature of other conditions such as schizophrenia, and 
William’s syndrome (see chapter 1 section 1.1.3). This susceptibility to disruption during 
development has led to much interest in understanding how social cognitive abilities are 
acquired during development, and what particular factors shape the course of development. 
4.1.3 The role of sensory processing during social interaction 
Social interaction relies on sensory input. During social interaction, we extract perceptual 
information about the external world to make inferences about the social situation and to 
guide our responses. Perceptual information is used to recognise conspecifics. In addition, we 
use sensory information to guide more complex features of social cognition. We extract 
“social meaning” from sensory information to infer other people’s intentions and emotional 
states. Facial expressions, posture and body movement are all potent cues used to recognise 
the emotions of others (Clarke et al., 2005; Coulson, 2004; Ekman & Oster, 1979). 
Information from other sensory modalities, such as vocal cues, can also convey emotional 
content (Scherer et al., 1991). Touch, too, can convey social information and can carry 
affective significance (Gazzola et al., 2012). 
The interplay between sensory processing and social cognition is also reflected in neural 
circuitry. A number of brain regions that are highly active during in social cognition and 
constitute part of the “social brain” receive dense input from sensory brain regions. For 
instance, the orbitofrontal cortex receives input from second-order sensory areas of all 
modalities (Carmichael and Price, 1995). Likewise, sensory input is projected to the 
amygdala (Ledoux, Sakaguchi and Reis, 1984; Stefanacci and Amaral, 2002). In addition, 
some brain regions appear specialised for the perceptual processing of social stimuli. This 
includes the fusiform face area, which is involved in facial recognition and the superior 
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temporal sulcus, which plays role in the perception of biological motion (Kanwisher et al., 
1997; Thompson et al., 2005).  
4.1.4 Sensory processing in neurodevelopmental disorders 
Sensory symptoms are highly common in individuals with neurodevelopmental disorders. 
Although sensory symptoms are not a diagnostic feature of autism spectrum disorders, they 
are present in a high proportion of individuals with autism spectrum disorder (Ben-Sasson et 
al., 2009). Estimates for the percentage of individuals with autism spectrum disorder 
exhibiting sensory symptoms range between 30-100% of individuals (Dawson & Watling, 
2000). Sensory symptoms are also observed in other neurodevelopmental conditions. For 
example, they are seen in children with Fragile X syndrome (Rogers, Hepburn, & Wehner, 
2003), and in children with developmental delays (Baranek, David, Poe, Stone, & Watson, 
2006). 
These sensory symptoms can manifest in multiple forms, and have been most extensively 
examined in the context of autism spectrum disorder. Both sensory hypo-responsiveness 
(reduced reactivity to sensory stimuli) and sensory hyper-responsiveness (heightened 
reactivity to sensory stimuli) have been reported, as well as sensory seeking behaviours. 
Whilst this partially reflects heterogeneity of symptoms across autistic individuals, disparate 
responses to sensory stimuli can also be observed within the same individual (Baranek et al., 
2006). Given the heterogeneity in sensory symptoms, it is unsurprising that attempts to delve 
into the nature of the altered sensory processing using objective perceptual tasks have yielded 
conflicting results; some studies have reported enhanced discrimination and integration in 
autism spectrum disorders, particularly in the visual domain (Foss-Feig, Tadin, Schauder, & 
Cascio, 2013). In contrast, other studies have found reduced discriminative abilities (Blake, 
Turner, Smoski, Pozdol, & Stone, 2003; Manning, Charman, & Pellicano, 2013). Studies that 
have examined evoked response potentials during sensory processing have likewise observed 
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considerable variation. For example, one study of auditory evoked potentials in a cross-modal 
audio-visual study observed enhanced performance in some individuals with autism spectrum 
disorder, no difference in another subgroup, and hyper-responsiveness to sound and global 
inhibition of multisensory responses in a third subgroup (Martineau et al., 1992). 
Sensory symptoms can be seen across all sensory modalities (Kern et al., 2006; Rogers et al., 
2003). However, evidence suggests that tactile and auditory symptoms are the most 
frequently observed symptoms (Kientz & Dunn, 1997; Wiggins, Robins, Bakeman, & 
Adamson, 2009). Indeed, tactile symptoms best predict individuals with hyper-responsivity 
(Kern et al., 2006; Leekam & Ramsden, 2006; Tomchek & Dunn, 2007). Studies 
investigating the perceptual processes underlying tactile symptoms are also more consistent 
than for other modalities. These studies indicate that tactile symptoms predominantly take the 
form of hyper-reactivity to touch, and are accompanied by reduced discrimination thresholds 
to tactile stimuli (see Robertson and Baron-Cohen, 2017 for a review). 
A number of studies suggest that these sensory symptoms may play a critical role in shaping 
later development and other symptoms in neurodevelopmental disorders. Indeed, sensory 
symptoms are observed early in neurodevelopmental disorders, emerging prior to overt 
symptoms and diagnosis. In addition, sensory symptoms predict other features of 
neurodevelopmental disorders. For example, sensory symptoms are positively related to 
autism spectrum disorder severity (Adamson et al., 2006; Ben-Sasson et al., 2009; Kern et al., 
2007).  
Social cognitive development is thought to rely on the acquisition of simple perceptual 
abilities. Hence, sensory symptoms may play a particularly prominent role in the 
development of social cognitive impairments. A number of studies support this notion. 
Sensory sensitivity in children with autism spectrum disorder is associated with greater stress 
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during social interactions (Corbett, Muscatello, & Blain, 2016). Autistic children with 
sensory processing dysfunction have lower play scores (Bundy et al., 2007), and sensory 
abilities predict play performance in autistic children (Kuhaneck & Britner, 2013). The 
relationship between sensory and social symptoms has been further probed in correlational 
and regression designs. Whilst some studies have not found an association between social and 
sensory symptoms, the majority of studies have found a relationship between sensory hypo- 
and hyper-responsiveness and social impairments has been observed in multiple studies 
(Hilton et al., 2007; Hilton et al., 2010; Liss et al., 2006; Watson et al., 2011). Atypical touch 
and olfactory sensitivity have been found to particularly predict social impairment (Hilton et 
al., 2010). In addition, children with autism display altered neural responses to sensory 
distractors during social processing tasks indicating greater distraction from sensory stimuli 
(Green, Hernandez, Bowman, Bookheimer, & Dapretto, 2017).  
4.1.5 The rodent juvenile play period 
Rats engage in high levels of social behaviours and are a highly social species. Social 
interactions are vital for their development and health. Social isolation, particularly during 
development, leads to multiple negative consequences on rodent behaviour and health. 
As with human social development, rat social behaviours undergo developmental changes. 
One of the key developmental periods in rat social development is the emergence of social 
play (Panksepp, 1981; Thor & Holloway, 1984). Social play consists of reciprocal ‘play-
fighting’ behaviours, characterised by playful attacks and defences of the nape of another 
animal, which are commonly followed by nibbling and grooming of the nape. The defender 
can respond by defence or evasion. Frequently, playful attacks (“pounces”) and wrestling 
result in “pins”, where the defender animal rotates onto its dorsal surface with the attacker on 
top. Rough-and-tumble play behaviour is highly reciprocal, and animals will typically switch 
between being the defender or attacker (Pellis & Pellis, 1991). Play-fighting can be 
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differentiated from serious fighting in the target of the attack, which tends to be the rump or 
flank, rather than the nape, in serious fighting (Pellis & Pellis, 1987).  
Whilst rodents engage in play behaviours throughout the lifespan, there is a developmental 
trajectory to play. Play behaviours emerge around P18 and increase in frequency to peak 
around P30 - P40, declining after puberty at around P60 (Thor & Holloway, 1984). Adult rat 
interactions are more complex. Whilst adult rats do engage in play-fighting at reduced levels, 
in adults this is more likely to escalate into dominance behaviours and overt aggression.  
Rat juvenile play is highly rewarding to juvenile animals. Juvenile play can be used as an 
incentive to learn tasks, and can be used to condition place preference (Calcagnetti & 
Schechter, 1992; Humphreys & Einon, 1981). In addition, rats emit high-frequency ultrasonic 
vocalisations during appetitive components of play that appear to indicate motivation to play; 
these vocalisations are emitted more frequently in a chamber that has been previously 
associated with play, and are emitted in anticipation of play (Knutson et al., 1998a). Rats 
display approach behaviour upon hearing these vocalisations. This suggests that the 
vocalisations are associated with reward, and act as communication signals that are 
associated with play.  
Social experience is crucial for rodent social development. Rats that are deprived of social 
interaction during the peak play period (P21 - P36) display persistent impairments in social 
behaviour. Rats isolated during development display alterations in social interaction and 
approach behaviours (Hol et al., 1999). Aggressive behaviours are also altered; isolated rats 
are more likely to display aggression in non-aggressive contexts, but display impairments in 
territorial aggression (Potegal & Einon, 1989; van den Berg et al., 1999). There is also 
evidence that damage to “social brain” regions during the juvenile play period impairs social 
development, causing a failure to modulate social behaviour according to the context of the 
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play partner (Pellis et al., 2006). In addition, when placed in a new colony, rats that are 
deprived of social interaction fail to display normal avoidant behaviours to avoid aggressive 
attacks from the dominant animal (van den Berg et al., 1999).  
This has been shown to be driven by absence of play. Social interaction in the absence of play 
is not sufficient to rescue behavioural impairments. For example, juvenile rats paired with an 
anaesthetised partner, or an adult with whom they cannot engage in play, show impaired 
social behaviour in adulthood (Pellis & McKenna, 1995). Housing with a juvenile separated 
by a mesh wire is also not sufficient to rescue behavioural impairments (Holloway & Suter, 
2004). In contrast, one hour of play experience per day is sufficient to rescue behavioural 
deficits in isolated juvenile rats. This is not driven by the physical exercise provided by play; 
providing an isolated rat with an exercise wheel does not restore social behaviour (Holloway 
& Suter, 2004). 
4.1.6 Rodent whiskers and social interaction 
Like human social interactions, rodent social interaction relies on sensory processing. The 
recognition of conspecifics is largely driven by acquisition of an olfactory signature. Odours 
can also convey information about the sex, identity and dominance status of other 
conspecifics (Hurst et al., 2001). Auditory calls emitted by other rodents carry information 
about social situations, and can elicit specific social behaviours depending on the frequency 
and structure of the call (Knutson et al., 2002; Wöhr, Schwarting, Magnuson, Crawley, & 
Wilson, 2007).  
Rodents also use their whiskers during social interactions. Touch is one of the predominant 
senses used by rodents to explore their environment. Whiskers form a major source of tactile 
input for rodents. Rodents acquire detailed tactile information about the external world by 
performing large-amplitude rhythmic sweeping movements through these whiskers. Tactile 
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processing via whiskers plays multiple functions for rodents. For example, whiskers are used 
by rodents to discriminate textures (Carvell & Simons, 1996) and to judge distances (Hutson 
& Masterton, 1986; Lee, Chen, Chuang, & Wang, 2009). 
More recently, the role played by rodent whiskers in social interaction has begun to be 
studied. Whiskers perform many important social functions. Rodent pups use their whiskers 
to huddle with their littermates and to locate their mother’s nipples for feeding (Arakawa & 
Erzurumlu, 2015; Sullivan et al., 2003). In adult mice, whisker barbering is an indicator of 
social dominance and position in cage hierarchy (Long, 1972). 
Rodents use their whiskers during direct social interaction. Rats align their faces to whisk 
each other during social interactions, through large amplitude, irregular whisker movements. 
These facial interactions using the whiskers are almost as common as anogenital sniffs 
(Wolfe, Mende, & Brecht, 2011). Whisker movements are pronounced during aggressive 
encounters. Whisker trimming in adult rats disrupts the ability to engage in normal social 
interactions, disrupting the ability of the rat to orient itself with respect to social partners, and 
thereby reducing the frequency of interactions. In addition, whisker trimming in adult rats 
alters the structure of aggressive attacks, leading to reduced boxing but increased biting. 
Hence, whiskers are needed for normal social interaction (Wolfe et al., 2011). 
The role of social facial touch has also been explored at the neural level. Social facial 
interactions using whiskers induce membrane potential fluctuations in rodent somatosensory 
cortex that begin prior to contact (Lenschow & Brecht, 2015). Neurons in the rodent 
somatosensory “barrel cortex” are strongly activated during whisker social touch, particularly 
in layer 5b. Neuronal responses are also greater for social touch than non-social touch (for 
e.g. of an object). In addition, neuron responses in barrel cortex are modulated by the sex of 
the social partner (Bobrov, Wolfe, Rao, & Brecht, 2014). 
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In conclusion, it is increasingly clear that whiskers are used during adult social interaction to 
acquire tactile input. However, these studies have focussed on adult animals. The role of 
whiskers in juvenile play remains unstudied. One study investigating the contribution of 
sensory input to socially-induced conditioned place preference indicated that touch acts as a 
main form of rewarding properties of social interaction (Kummer et al., 2011). However, the 
precise contribution of whisker touch has not been examined.   
4.1.7 Rodent barrel cortex 
Tactile sensory input acquired through whiskers project to somatosensory cortex via the 
thalamus. This information is represented topographically in the primary and secondary 
somatosensory “barrel” cortices (S1 & S2). Each rodent whisker projects to a group of 
neurons in an arrangement that parallels the organisation of the whiskers on the rodent’s 
snout (Woolsey and Van Der Loos, 1970).  
The barrel cortex develops early. Whilst active ‘whisking’ behaviour begins at the end of the 
second week postnatally (Welker, 1964), rats display classical conditioning and response to 
whisker stimulation in the first week of life (Landers & Sullivan, 1999). This rapid 
development is mirrored in the cortex. The broad-scale anatomical organisation of barrel 
cortex is acquired in the first few days after birth (Woolsey & Wann, 1976; Woolsey & Van 
Der Loos, 1970). Circuitry continues to develop within the different layers of barrel cortex 
across the next few weeks of life, with layer IV circuitry developing faster than layers 2/3. 
Layer 4 - layer 2/3 synapses are most plastic around P10 - P14, whilst horizontal layer 2/3 
synapses are most plastic between the second and third postnatal week (Maravall, Stern, & 
Svoboda, 2004; Stern, Maravall, & Svoboda, 2001; Wen & Barth, 2011).  
In sum, barrel cortex circuitry displays layer-dependent timeframes of developmental 
plasticity, but is fairly fixed by P21. Experience-dependent plasticity can continue to be 
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evoked by whisker trimming in layers 2/3 into adulthood, but this does not lead to large scale 
disruption of circuitry. 
4.1.8 Chapter aims  
Social interaction relies on sensory processing. Individuals with neurodevelopmental 
disorders often possess sensory symptoms, which may play a causal role in social cognitive 
deficits. However, the extent to which early sensory development shapes social development 
is unclear. This is difficult to tease apart in individuals with NDDs, where the causes of the 
condition are complex, little understood and affect many different processes. Addressing the 
question requires being able to manipulate sensory experience in isolation. 
The whisker system is an ideal system to study the effect of altered sensory experience on 
social development. Whisking is highly active during social contact (Wolfe et al., 2011). In 
addition, whiskers can be easily trimmed, but regrow rapidly. Hence, it is possible to 
selectively alter experience within a restricted timeframe. 
So for only one study has examined the effect of whisker trimming very early in development 
(P0 - P10) followed by whisker regrowth on rodent social behaviours. This study has 
indicated that social interaction is reduced in adult animals after developmental whisker 
trimming (Soumiya et al., 2016). However, in this study, whisker trimming was conducted at 
a time that permanently disrupts barrel cortex circuitry. In addition, whisker trimming in this 
study was conducted before whisking patterns have fully developed; whisking patterns 
change with age (Arakawa & Erzurumlu, 2015; Grant, Mitchinson, & Prescott, 2012; Welker, 
1964). Hence, even when whiskers have regrown, they are unlikely to function normally, 
meaning that the mice are likely to continue experiencing altered sensation in adulthood. 
Absence of whiskers in adult mice impairs the ability of rodents to perform their normal 
social repertoire. This makes it difficult to tease apart social interaction deficits that result 
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from the effect of neonatal whisker trimming on development from those that arise as a 
primary consequence of dysfunctional whiskers.  
The aim of this study was to investigate the role of somatosensory input in social 
development. This was achieved by trimming whiskers at an age that does not disrupt barrel 
circuitry, but that is critical for social development (P21 - P36). By allowing whiskers to then 
regrow into adulthood, this enabled a dissociation of the immediate effects of disturbed 
whisker function on the production of social behaviours from effects of the intervention on 
the development of social abilities. None of the existing studies that have explored the effect 
of whisker trimming on social behaviour have investigated how social behaviours are altered 
across different stages of development. Therefore, an aim of this study was to examine social 
behaviours across development by examining both juvenile interactions, and the effect of the 
manipulation on social interaction at a later timepoint in adolescence. A third aim of this 
study was to determine whether the absence of somatosensory input led to enhanced abilities 
in other perceptual domains that are used during rodent social interaction. To address this 
aim, I measured olfaction and ultrasonic vocalisations. 
4.2 Method 
4.2.1 Animals and housing conditions 
72 male Sprague-Dawley rats were acquired from Charles River on postnatal day 21. Rats 
were housed in pairs in cages containing sawdust (Litaspen premium, Datesand Ltd, 
Manchester), bedding (Sizzlenest, Datesand Ltd, Manchester) and a plastic shelter. Rats were 
given ad libitum access to food (Rat and Mouse No. 1 and 3 Maintenance Diet for test and 
breeding mice respectively, Special Diet Services, Essex, UK) and water. Testing rooms and 
housing rooms were maintained at room temperature (21°C) and 45% humidity. Lighting was 
maintained on a regular light/dark schedule with lights on between 07:00 and 19:00 hours 
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(light = 270 lux). Bedding was changed every other week but never on the day of testing. 
Testing was carried out under licence (PPL: 70/7343; PIL: i28ea4c7f). Behavioural testing 
was conducted between 08:00 am and 18:00 pm. Although testing rodents during the day 
may increase noise in behavioural data, previous experiments in our laboratory have 
indicated that day testing in low light conditions does not significantly alter behaviour in the 
selected behavioural tasks compared to a non-reverse light cycle. 
Bilateral whisker trimming of all whisker rows was conducted on the trim group (n = 36 rats) 
daily from P21 - P35, which consists of the period during which juvenile play peaks in rats. 
Control rats (n = 36 rats) underwent daily sham trimming, which consisted of comparable 
handling whilst stimulating whiskers with the trimming scissors. Housing pairings consisted 
of either trim-trim (TT, n = 10 pairs, 20 rats), sham-sham (SS, n = 10 pairs, 20 rats) or trim-
sham (n = 16 pairs, 16 trim (T[TS]) and 16 sham rats (S[TS])). After trimming, all rats were 
given a sweet food reward (Sainsbury’s Choco Rice Pops, Sainsbury’s Supermarket Ltd.).  
Tests were conducted in the following order: Juvenile Play, Olfactory 
habituation/dishabituation (n = 36 rats), Adolescent Social Interactions.  
4.2.2 Materials  
4.2.2.1 Juvenile Play/Adolescent Social Interactions 
Rats were tested in a 40 x 40 x 40 (width x length x height) cm white rectangular arena filled 
with enough sawdust to cover the base of the arena. Testing was conducted in low light levels 
(10 lux). A camera positioned over the testing arena and connected to a DVD recorder and 
TV monitor was used to record rodent behaviours.  
Ultrasonic vocalisations were captured using an ultrasound microphone (Avisoft 
UltraSoundGate condenser microphone capsule CM16, Avisoft Bioacoustics, Berlin, 
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Germany) sensitive to frequencies between 10 to 180 kHZ. The microphone was connected to 
a data acquisition device (Avisoft UltraSound Gate 116 Hm) which connected via USB 
directly into a laptop. Vocalisations were recorded using Avisoft Recorder Software version 
4.2. The microphone was positioned in the centre of the testing arena suspended above the 
arena at a height (65 cm) designed to pick up ultrasonic vocalisations from all angles in the 
box. A sampling rate of 250 kHz, format 16 bit was used. Avisoft SASLab Pro (Version 5.2) 
was used for acoustical analysis. A fast fourier transform was performed to generate 
spectrograms with an FFT-length of 1024 points and a time window of 75% (100% Frame, 
Hamming window). Frequencies below 20 kHz were removed with a cut-off to remove 
background noise. 
4.2.2.2 Olfactory habituation/dishabituation 
Rats were tested in a homecage containing sawdust. Odours were presented on cotton-tipped 
wooden applicators (approximately 6 inches in length). The wooden applicators were 
positioned with the cotton tip inserted through the lid of the homecage to a depth of 
approximately 2.5 cm, and held in place by a clamp secured to a retort stand. The non-social 
odours consisted of water, banana essence (1:100 dilution in water) and almond essence 
(1:100 dilution in water). Non-social odours were made up fresh immediately prior to each 
trial by pipetting 50 µl of the odour onto the cotton-tip of the wooden applicator. For the 
social odours, cotton-tip applicators were swiped along the bottom of the cage of an 
unfamiliar rat in a zigzag fashion 12 times. Social odours were stored in a sealable plastic bag 
until use. Odours were kept outside of the testing room and only brought into the testing 
room at the start of the trial. Used applicators were placed in a glass waste bottle. Behaviours 
were recorded using a camera positioned level with the long side of the cage to permit 






4.2.3.1 Juvenile Play 
Rats were tested at P34 and P35. Prior to testing, rats were isolated from their homecage 
partners for 4.5 hours. For testing, rats were paired with an unfamiliar partner of the same 
trim status of their homecage partner and their behaviours were observed for 15 minutes. 
Ultrasonic vocalisations were also recorded for the entire duration of the test. 
A subset of rats (n = 36) underwent an additional day of testing on day P36, in which they 
were paired with a social partner of a different type than that which they were paired with for 
the previous testing. 
4.2.3.2 Adolescent Social Interactions 
Rats were tested at P50. Prior to testing, rats were isolated from their homecage partners 
overnight. For testing, rats were paired with an unfamiliar partner of the same trim status of 
their homecage partner and their behaviours were observed for 10 minutes. Ultrasonic 
vocalisations were also recorded for the entire duration of the test. 
4.2.3.3 Olfactory habituation/dishabituation 
Rats were habituated to the homecage for 10 minutes prior to testing. A clean odourless 
applicator was placed through the lid of the cage during this acclimatisation period. After this 
habituation, rats were exposed to sets of odours in the following sequence: water, banana, 
almond, social odour 1, social odour 2. The two social odours consisted of homecage smells 
from two different unfamiliar cages. Each odour was presented for three consecutive trials. 
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Each trial lasted 2 minutes, with a 1 minute inter-trial interval during which the odour 
stimulus was changed. There were 15 trials in total.  
Sniffing of the cotton-tip of the wooden applicator was measured with a stopwatch and 
scored by an experimenter blind to experimental group. Sniffing was defined as the animal 
orienting its snout towards the cotton tip at a distance of 2 cm or less away from the cotton 
bud. Biting on the applicator tip or wooden part was not counted as sniffing.  
4.2.4 Statistical Analysis 
For juvenile and adolescent animals, play behaviours were measured by scoring the number 
of pounces and pins performed by each animal during social interaction. A pounce was 
defined as an attempt to access the partner’s nape using paws or snout. A pin was counted 
when the social partner was rotated, partially or fully, onto its dorsal surface. In addition, the 
duration of social investigation was measured. The following behaviours were included in the 
measure of social investigation: social sniffing of the head, body or anogenital region, 
chasing/following, and social grooming. Results were analysed with a two-way between-
subjects ANOVA with independent variables of trim status (trim vs sham) and partner type 
(same vs different partner). 
Olfactory habituation/dishabituation was analysed with a mixed ANOVA with a between-
subjects factor of trim status (trim vs sham) and a within-subjects factor of trial. Ultrasonic 
vocalisations during social interaction were analysed by testing pair, and analysed with a one-









4.3.1 Whisker deprivation during the social critical period alters juvenile play 
behaviour 
To investigate the effects of whisker deprivation on social development, play behaviours 
were first assessed at the end of the whisker deprivation period. This corresponded to the end 
of the “sensitive period” for the rat play period (P35 - 36). 
Whisker trimming did not significantly alter social investigation (Fig. 26A). In contrast, 
depriving rats of whisker input during the social critical period significantly altered play 
behaviours. Whisker deprived rats performed a significantly greater number of pounces on 
their partners than control rats, but only when paired with a whisker deprived partner (trim x 
partner interaction: F(1, 68) = 4.581, η2 = 0.067, p = 0.031, SS vs TT: p = 0.012, S(TS) vs 
T(TS): p = 0.757, Fig. 26B, Table 4). Whisker deprived rats also performed a significantly 
greater number of pins (sham: 2 ± 1, n = 36 rats, trim: 6 ± 1, n = 36 rats, F(1,68) = 4.2, η2 = 
0.058, p = 0.044, Fig. 26C). Whilst this again appeared to depend on the identity of the social 
partner, this effect did not reach significance (trim x partner interaction, F(1, 68) = 3.872, η2 






Figure 26: The effect of whisker deprivation during the juvenile play period on play behaviours. 
A: Mean ± sem duration of social investigation in sham-sham, trim-trim, trim paired with sham, and 
sham paired with trim groups, with overlaid scatter. B: Mean ± sem number of pounces in sham-sham, 
trim-trim, trim paired with sham, and sham paired with trim groups, with overlaid scatter. C: Mean ± 
sem number of pins in sham-sham, trim-trim, trim paired with sham, and sham paired with trim groups, 
with overlaid scatter.  
Table 4: Juvenile play behaviours. 
Mean ± sem number of pounces, pins and mean ± sem duration (s) of social interaction in juvenile rats 
from sham-sham (SS) pairs, sham rats from trim-sham rat pairs (S[TS], trimmed rats from trim-sham 
pairs (T[TS]), and trimmed rats from trim-trim (TT) pairs. 
Group Number of pounces Number of pins Social interaction (s) 
Sham-sham (SS) 
 
27 ± 3 2 ± 1 143 ± 12 s 
Sham from trim-sham 
(S[TS]) 
26 ± 3 2 ± 1 140 ± 9 s 
Trim from trim-sham 
(T[TS]) 
24 ± 2 3 ± 1 139 ± 13 s 
Trim-trim 
 
39 ± 5 8 ± 2 164 ± 12 s 
 
To further explore the enhanced play observed in the trim-trim group, I investigated the play 
behaviour of trim-trim rats when paired with a sham animal from the sham-sham group. No 
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differences were seen in the number of pounces made by the trim rats when paired with a 
trim or a sham partner (t(5) = 0.054, p = 0.958, Fig. 27A-C). In addition, although both the 
duration of social investigation and number of pins made was reduced when trimmed rats 
were paired with a sham rat, neither change reached statistical significance (social 
investigation: t(5) = 1.911, p = 0.114, pinning: t(5) = 1.939, p = 0.110, Fig. 27A-C, Table 5). 
 
Figure 27: Social investigation and play in trim-trim animals paired with a sham animal. 
 A: Mean ± sem duration (s) of social investigation in trim-trim animals when paired with a trim versus a 
sham-sham partner with overlaid, scatter. B: Mean ± sem number of pounces in trim-trim animals when 
paired with a trim versus a sham-sham partner, with overlaid scatter. C: Mean ± sem number of pins in 
trim-trim rats when paired with a trim versus a sham-sham partner, with overlaid scatter.  
Table 5: Play behaviours for trim-trim animals paired with a sham. 
Mean ± sem number of pounces and pins, and duration (s) of social interaction per 5 minutes in trim-
trim (TT) rats when paired with a trim versus a sham partner for testing. 
Partner Type  Number of pounces Number of pins Social interaction (s) 
Trim 18 ± 3 5 ± 2 66 ± 4 s 





4.3.2 Whisker deprivation during the social critical period leads to long-lasting 
alterations in play behaviour  
I next sought to determine whether deprivation of whisker input during the juvenile play 
period lead to longer-lasting alterations in play behaviour. To investigate whether the effects 
on play outlived the whisker deprivation, play behaviours were assessed in adolescent rats 
(P50), when whiskers had regrown.  
Whisker deprivation during the juvenile play period led to lasting effects on social behaviour. 
This manifested both in social investigation and play behaviours. Rats that had undergone 
whisker trimming during the juvenile play period displayed a significant increase in the total 
duration of social investigation compared with sham control rats (sham: 114 ± 7 s, n = 36 
rats, trim: 141 ± 8 s, n = 36 rats, F(1, 68) = 5.838, η2 = 0.079, p = 0.018, Fig. 28A, B). In 
addition, play behaviours were altered in a similar manner to that seen in juvenile rats at the 
earlier time point. Pouncing and pinning behaviours were increased in rats that had 
undergone juvenile whisker trimming in a partner-dependent manner (pouncing: trim x 
partner interaction: F(1,68) = 5.699, η2 = 0.077, p = 0.020, T(TS) vs S(TS): p = 0.021; 
pinning: trim x partner interaction: F(1,68) = 4.320, η2 = 0.060, p = 0.041, Fig. 28C, D, Table 
6). Play was selectively increased in the rats that had undergone juvenile whisker trimming 
and that were paired with a juvenile trimmed partner. Collectively, these results demonstrated 
that juvenile whisker deprivation led to alterations in social behaviour and play that outlasted 




Figure 28: Effects of juvenile whisker deprivation on adolescent social investigation and play. 
A: Mean ± sem duration of social investigation in sham-sham, trim-trim, trim paired with sham, and 
sham paired with trim groups, with overlaid scatter. B: Cumulative fraction plot displaying mean duration 
of social investigation in sham and trim animals. C: Mean ± sem number of pounces in sham-sham, 
trim-trim, trim paired with sham, and sham paired with trim groups, with overlaid scatter. D: Mean ± 
sem number of pins in sham-sham, trim-trim, trim paired with sham, and sham paired with trim groups, 
with overlaid scatter. 
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Table 6: Adolescent play behaviours. 
Mean ± sem number of pounces, pins and mean ± sem duration (s) of social interaction in adolescent 
rats from sham-sham (SS) pairs, sham rats from trim-sham rat pairs (S[TS], trimmed rats from trim-
sham pairs (T[TS]), and trimmed rats from trim-trim (TT) pairs. 
Group Number of pounces Number of pins Social interaction (s) 
Sham-sham (SS) 
 
24 ± 3 4 ± 1 116 ± 9 s 
Sham from trim-sham 
(S[TS]) 
19 ± 3 2 ± 1 111 ± 10 s 
Trim from trim-sham 
(T[TS]) 
19 ± 3 2 ± 1 127 ± 10 s 
Trim-trim 
 
30 ± 4 5 ± 1 152 ± 12s 
 
4.3.3 Whisker deprivation during the social critical period does not alter 
ultrasonic vocalisations (USVs) 
Rodents emit high frequency (50-75 kHz) ultrasonic vocalisations during play that act as 
communicative signals. These calls elicit approach behaviour in other rats and are thought to 
partially reflect motivation to engage in social interaction. I hypothesised that ultrasonic 
vocalisations may be altered in whisker-trimmed rats. Indeed, ultrasonic vocalisations may be 
used to compensate for lack of whiskers as a social signal, or a result of changes in 
motivation to interact socially. 
I sought to determine whether the altered social behaviour observed in rats deprived of 
whisker input was accompanied by changes ultrasonic vocalisation communication. USVs 
were measured during the first three minutes of play and compared in different rats pairings 
(sham-sham, trim-sham, and trim-trim pairs).  
First, I investigated whether ultrasonic vocalisations were altered in juvenile rats. There were 
no differences in the number or duration of USVs emitted across pair groups (USV number: 
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F(2,35) = 0.007, η2 < 0.001, p = 0.994, USV duration: F(2,33) = 0.320, η2 = 0.019, p = 0.729, 
Fig. 29A, B, Table 7). 
I next investigated whether ultrasonic vocalisations were altered in adolescent rats. As with 
the juvenile rats, there were no differences in either the number or duration of USVs emitted 
across pair groups (USV number: F(2,35) = 1.830, η2 = 0.100, p = 0.176, USV duration: 




Figure 29: Ultrasonic Vocalisations are not altered by deprivation of whisker input during the 
play period. 
A: Mean ± sem number of USVs per pair in sham-sham, trim-trim and sham-trim juvenile rats with 
overlaid scatter. B: Mean ± sem duration of USVs in per pair juvenile pairs in sham-sham, trim-trim and 
sham-trim juvenile rats with overlaid scatter. C: Mean ± sem number of USVs per pair in sham-sham, 
trim-trim and sham-trim adolescent rats with overlaid scatter. D: Mean ± sem duration of USVs in per 
pair juvenile pairs in sham-sham, trim-trim and sham-trim adolescent rats with overlaid scatter. E: 




Table 7: Ultrasonic vocalisation data in juvenile and adolescent rats 
Mean ± sem number and duration (ms) of ultrasonic vocalisations (USVs) in juvenile and adolescent 
sham-sham, trim-sham, and trim-trim pairs. 
Group Juvenile USVs Adolescent USVs 
Number 
 
Duration (ms) Number Duration (ms) 
Sham-Sham 256 ± 37 22 ± 1 ms 476 ± 45 29 ± 2 ms 
Trim-Sham 
 
258 ± 31 22 ± 1 ms 369 ± 32 26 ± 2 ms 
Trim-Trim 
 
252 ± 39 23 ± 2 ms 439 ± 54 27 ± 2 ms 
 
4.3.4 Whisker deprived animals display normal olfactory discrimination in the 
olfactory habituation-dishabituation task 
Rodents possess highly developed olfactory abilities, which are an important component of 
normal rodent social interaction. Olfactory deficits can confound the interpretation of social 
behaviour. Hence, it is important to assess olfactory abilities when investigating rodent social 
behaviour. It is also possible that whisker-trimmed rodents in this study could display 
heightened olfactory abilities following whisker deprivation. Indeed, in the absence of 
somatosensory whisker input, rodents may rely to a greater extent on other forms of 
perceptual input. Following sensory loss in one modality, other perceptual senses may 
become enhanced through cross-modal plasticity.  
In order to determine whether loss of whisker input led to changes in olfactory abilities, 
rodents were assessed in an olfactory habituation-dishabituation task. There was a significant 
trial effect (F(14,462) = 4.282, η2 = 0.115, p < 0.001). This indicated that all rodents 
displayed habituation across multiple presentations of the same odour. There was no 
significant effect of trim or trim x trial interaction, indicating that whisker trimming during 
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P21-P36 did not alter olfactory discrimination (trim main effect: (F(14,462) = 1.165, η2 = 
0.034, p = 0.999, trim x trial interaction: F(1,33) = η2 < 0.001, p = 0.299, Fig. 30, for means ± 
sem see appendix 2, Table 25).  
 
Figure 30: Olfaction is normal in the olfactory habituation-dishabituation task in whisker-
trimmed animals. 
A: Schematic of the olfactory habituation-dishabituation task. B: Mean ± sem time sniffing of cotton bud 
in sham and trim rats across trials. 
4.4 Discussion 
Social cognitive development is protracted, sensitive to experience, and highly vulnerable to 
disruption. However, the precise factors that contribute to and shape social cognitive 
development are unknown. Perceptual abilities are one factor that may shape social cognitive 
development. Perceptual processing is a vital element of social interaction, and sensory 
symptoms often co-occur with social impairments in individuals who display altered 
neurodevelopment (see Robertson & Baron-Cohen, 2017 for a review). The aim of this 
chapter was to investigate the role of sensory input in shaping social development. This was 
investigated by removing whisker somatosensory input during a period that is critical for 
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social development (P21 - P36), and allowing whiskers to regrow at the end of this period. I 
found that removal of whisker input during the juvenile play period altered social play in a 
partner-dependent manner. These effects were long-lasting and persisted after whisker 
regrowth. In addition, I investigated whether removal of sensory input in one domain led to 
greater reliance on other sensory domains to guide social interaction. I found no changes in 
either olfactory discrimination, or the emittance of ultrasonic vocalisations following whisker 
trimming. 
The first aim of this study was to determine how somatosensory whisker deprivation during 
the juvenile play period affects social development in juvenile rats. This is the first study to 
explore the effects of whisker trimming on juvenile play. Indeed, in previous studies, the 
consequences of developmental whisker trimming for social behaviour have only been 
examined in adult rats (Soumiya et al., 2016). However, when considering interventions and 
conditions that are developmental in origin, it is crucial to examine how the whole profile of 
development is affected (Karmiloff-Smith, 2009). As such, in this study, the effects of 
developmental whisker trimming on social behaviour were assessed at multiple 
developmental time points. 
The results of this study indicated that juvenile social play behaviours were altered in a 
partner-dependent manner as a result of whisker trimming during the peak play period (P21-
P36). This is the first study to demonstrate a role of whiskers in rodent juvenile play 
behaviours, and suggests that whiskers may play a role in co-ordinating certain aspects of 
play. 
What role might whiskers play in controlling juvenile play behaviours? The effects found in 
this study were partner-dependent. Whilst whisker-trimmed rats paired with a similar partner 
displayed enhanced play, whisker-trimmed rats paired with a sham rat displayed reduced play 
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behaviours. The fact that trimmed rats paired with a trimmed partner engaged in increased 
play indicates that the absence of whiskers does not preclude play altogether; rats lacking 
whisker input are still capable of engaging in play.  
One possible explanation for the changes in play observed in this study is that the absence of 
whiskers reduces the pleasurable properties of play, thereby altering motivation to engage in 
play. A number of lines of evidence suggest that whiskers may play a role in controlling both 
the motivation to engage in, and the rewarding properties of play. Play is highly rewarding to 
juvenile animals and can be used to condition place preferences (Calcagnetti & Schechter, 
1992; Vanderschuren, Achterberg, & Trezza, 2016). Social touch may be an important 
component of the rewarding properties of play. In one study investigating how the different 
sensory modalities contribute to the pleasurable properties of play, tactile stimulation 
between partners was necessary in order to condition place preference via play in juvenile 
animals (Kummer et al., 2011). Studies investigating the effects of tickling on rodents also 
support this claim; tickling elicits high-frequency “reward” ultrasonic vocalisations that 
mimic those elicited during juvenile play (Burgdorf & Panksepp, 2001). In addition, tickling, 
like play, can partially rescue the effects of social isolation on behaviour in juvenile rats (Hori 
et al., 2014). Human studies also support the notion that social touch is pleasurable and 
rewarding. Slow-conducting unmyelinated C-tactile (CT) nerves located in hairy skin play an 
important role in pleasurable human touch (Löken, Wessberg, Morrison, McGlone, & 
Olausson, 2009; Olausson et al., 2002; Olausson, Wessberg, Morrison, McGlone, & Vallbo, 
2010). CT nerves are especially sensitive to gentle touch. Light, pleasurable touch activates 
brain regions that are involved in reward processing and social cognition, such as the 
amygdala, STS, medial prefrontal cortex, anterior cingulate and insula (Gordon et al., 2013).  
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The absence of rewarding input from whiskers could alter motivation to play in two opposing 
ways. On the one hand, the absence of pleasurable input may reduce the rewarding value of 
play and decrease the propensity to play. Alternatively, the absence of pleasurable input 
could lead to increased reward-seeking, and therefore enhanced interest in play in trimmed 
animals. Whilst this could theoretically account for the behaviour of both trim-trim and trim-
sham groups, it does not explain why whisker trimming might affect play in opposing 
directions as a function of housing partner.  
Understanding the partner-dependency of the effects requires consideration of what the 
partner is doing during the interactions. In the absence of whisker input, it is possible that 
trimmed animals housed together and paired together develop compensatory styles of play 
and social interaction, relying to a greater extent on other forms of social interaction to 
provide pleasure. Whilst this study does not support the notion that absence of whisker input 
leads to compensatory increases in the use of other modalities, such as ultrasonic vocalisation 
calls, it is possible that the trim-trim group engage in heightened forms of other tactile contact 
to compensate for absence of whisker-based pleasurable contact. This could lead to enhanced 
play in trim-trim rats through two mechanisms. First, the use of non-whisker touch to 
experience the rewarding properties of play could enhance (or keep intact) the motivation to 
engage in play. Second, increased reliance on non-whisker touch may give the appearance of 
enhanced play. For example, an increased use of paws may appear similar to pouncing 
behaviour. 
In contrast, trimmed rats housed and paired with a sham rat may not have the opportunity to 
develop these compensatory strategies. Indeed, the sham rat, possessing intact whiskers, may 
not develop compensatory behaviours and may continue to attempt to rely on whiskers. The 
absence of rewarding whisker-to-whisker contact from the trim rat may reduce motivation for 
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the sham rat to engage in play. As a consequence, motivation to engage in play is also likely 
to become reduced in the trim rat. The reciprocity of play is important to consider here; if one 
rat displays reduced motivation to play, the partner can attempt to play but will be unable to 
engage in successful play bouts. This is likely to lead to the partner also having displaying 
motivation to play with the test rat.  
Other explanations for the reduced play seen in trim-sham rats should also be considered. For 
example, the absence of whiskers in the trimmed rat might be off-putting to the sham animal 
(or vice versa). However, if it were simply the absence of whiskers putting rats off engaging 
in play, the effects would be expected to disappear once whiskers regrew. In contrast, in these 
experiments, the effects of juvenile whisker trimming on play persisted into adolescence once 
whiskers had regrown. Importantly, additional experiments indicated that rats from a sham-
sham pairing did engage in play with rats from a trim-trim pairing, suggesting that the 
absence of whisker input per se is not off-putting and that the duration of exposure of sham 
rats to trim rats may be an important factor in determining their behaviour. 
An alternative possibility is that the absence of whiskers impairs the ability of animals to 
engage in reciprocal behaviour. In adult rats, whiskers are important for the ability of rats to 
orient themselves spatially with respect to other rats during social interaction (Wolfe et al., 
2011). The inability to orient themselves might be particularly expected to impair the 
production of social behaviours that are reciprocal (i.e. as opposed to sniffing, which one 
animal can engage in without the need for the partner to reciprocate). Since play is highly 
reciprocal, the absence of whiskers may cause difficulties in engaging in reciprocal play. 
Whilst this may not preclude play altogether, it may alter the animal’s ability to respond to 
what the partner is doing and hence may alter the structure of their play. Why then, might 
changes in play be partner-dependent? As proposed above, in trim-trim pairs may be less 
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affected by a reduced reciprocity of play because both animals may engage in unusual “odd” 
play. Hence, compensatory strategies to accommodate for altered play may be more easily 
developed. In contrast, in trim-sham pairs, sham rats may be more put off by unusual play 
that lacks reciprocity. This may reduce the motivation of both the sham and the trim rat to 
engage in play. 
A second aim of these experiments was to determine whether whisker deprivation during the 
juvenile play period leads to long-lasting alterations to social behaviours. A key goal was to 
tease apart behavioural effects that stemmed directly from the absence of whisker input from 
behavioural changes that reflected a change in social development as a result of absent 
whisker input.  
Perceptual deficits can confound interpretation of social behaviours. Sensory perception 
guides our social interactions. We use sensory modalities to interpret social gestures and cues 
during interaction (Clarke et al., 2005; Coulson, 2004; Ekman & Oster, 1979). As a result, 
impairments in perceptual processing can cause difficulties with certain aspects of social 
interaction without there being an underlying deficit in social cognition. For example, an 
individual who loses their sight would struggle to interpret facial expressions, which could 
lead to more difficulty interpreting people’s emotions during interaction. However, this 
would stem from a visual impairment, rather than from impaired social cognition.  
Disentangling changes in social behaviour that arise from impairments in social cognitive 
processes from those that arise from perceptual impairment can be difficult. This can be 
particularly problematic when attempting to study the effects of altered perceptual processing 
on social cognitive development. Are changes in social behaviour a primary consequence of 
altered perceptual processing itself, or secondary to the effects of changes in perceptual 
processing on the development of social cognitive mechanisms? This has been an issue for 
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previous studies that have attempted to investigate this question. A small number of studies 
have investigated the effects of developmental whisker trimming in mice on later social 
behaviour. In one study, whisker trimming from birth to P10 led to reduced sociability in the 
three-chamber task and increased dominance behaviours (Soumiya et al., 2016). In this study, 
whiskers were allowed to regrow after P10, such that the mice tested in adulthood had fully 
regrown whiskers. Whilst this may appear to remove the confound of the effects being driven 
solely by the absence of whisker input, this is not necessarily the case. Whisker trimming 
from P0 - P10 leads to permanent alterations in barrel cortex circuitry. Whisker trimming 
during this period alters both the broadscale organisation of “barrels”, neuron receptive field 
properties, and layer IV inputs (Woolsey & Van Der Loos, 1970; Woolsey & Wann, 1976). 
As a result, although the adult mice may possess fully regrown whiskers, the input acquired 
through these whiskers is likely to be abnormal. Indeed, adult mice in the study were found to 
have deficits in tactile perception in a gap-crossing task. Thus, apparent deficits in social 
behaviour in this study may have been driven by altered perceptual processing. For example, 
an absence of a preference for the social chamber in the three-chamber task may simply 
reflect difficulty with navigation and exploration of the chambers. 
In the present study, this issue was dealt with by conducting whisker trimming at an age 
which does not lead to permanent alterations in barrel cortex circuitry and that does not alter 
whisking patterns, but that is critical for normal social development (P21 - P36). Hence, any 
effects on social behaviour that persist past the whisker trimming period should reflect an 
effect on social development, rather than a perceptual processing deficit. In this study, 
whisker trimming during the “critical” period for social development lead to partner-
dependent alterations in play behaviour. The fact that these effects persisted into adolescence, 
once whiskers had regrown, provides strong evidence that the changes in behaviour were 
driven by changes to the trajectory of the acquisition of social behaviours. A small possibility 
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remains that whisker function was still not normal in this study; results would be 
strengthened by including a task assessing tactile perception. Nonetheless, previous evidence 
supports the notion that whisker trimming at this age should not alter whisker function. 
Indeed, whisker discrimination returns rapidly back to normal after whisker trimming post 
the barrel cortex critical period (Guić-Robles, Valdivieso, & Guajardo, 1989).  
A last aim of this study was to investigate the effect of whisker trimming on the use of other 
sensory signals that may contribute to social interaction. One source of social signal is 
olfaction. Rodents possess incredibly powerful olfactory abilities. Olfaction and olfactory 
cues are an important source of social information for rodents. Sniffing is a significant part of 
their social behavioural repertoire. Olfactory cues carry information about a variety of social 
contexts, such as partner identity, sex, social status and aggression (Hurst et al., 2001). 
Therefore, the absence of whisker input may increase reliance on olfactory processing.  
This hypothesis was not supported by this study. Whisker trimmed rats did not show any 
evidence of enhanced olfactory interest in the olfactory habituation-dishabituation task, 
displaying similar sniffing times to sham rats. In addition, they did not show evidence of 
enhanced olfactory discrimination abilities in this task. While this suggests that whisker 
trimmed rodents do not possess enhanced olfaction, it is worth noting that the task used in the 
current study suffers from limitations. Indeed, in the absence of reward or punishment as an 
external reinforcer, the olfactory stimuli used in this study may generate limited interest. This 
could create a floor effect in performance. Using a task in which rats are trained with a 
positive reinforcer to discriminate between odours would avoid this difficulty.  
Ultrasonic vocalisations are another form of sensory cue employed in rodent social 
interactions. Rodents emit high frequency vocalisations that show sensitivity to social and 
emotional context (Branchi et al., 2001; Holy & Guo, 2005; Knutson et al., 1998a; Moles et 
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al., 2007). Lower frequency (22 kHz) vocalisations seem to be evoked in the context of 
aversive situations, such as during aggressive interactions and fighting, or in anticipation of 
punishment (Litvin, Blanchard, & Blanchard, 2007). In contrast, higher frequency 
vocalisations (50 kHz) vocalisations are elicited by rewarding contexts, such as in 
anticipation of rat play, in response to tickling, and during appetitive aspects of sexual 
behaviour (Barfield et al., 1979; Knutson, Burgdorf & Panksepp, 1998; Burgdorf & 
Panksepp, 2001; Willey & Spear, 2012).  
I found that whisker trimming did not alter the number of ultrasonic vocalisations produced 
during social interactions. Hence, whisker trimmed rats did not appear to vocalise more to 
compensate for the absence of whiskers during social interactions. In this study, ultrasonic 
vocalisation number could only be analysed at the level of the pair rather than the individual 
animal, as there was no way to attribute vocalisations to individual animals in the pair. 
Nonetheless, this is unlikely to much affect results, as we found that both animals in a pair 
displayed similar play behaviours.  
High frequency 50 kHz vocalisations are produced in contexts that are associated with 
reward. For example, they are produced during play-fighting, during male-female interactions 
and male ejaculation, in response to stimulation of brain regions that are involved in 
processing reward (Barfield et al., 1979; Burgdorf and Panksepp, 2001; Burgdorf et al., 
2008). They are also produced in anticipation of rewarding contexts, such as in anticipation 
of play-fighting (Knutson, Burgdorf, & Panksepp, 1998b; Willey & Spear, 2012). This has 
led to the suggestion that these vocalisations are indicators of positive affect, and may act as 
an index of motivation (Knutson, Burgdorf, & Panksepp, 1999).  
The absence of an increase in ultrasonic vocalisation production in the trim-trim group 
appears to contradict the idea that these animals display heightened motivation to engage in 
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play. However, the purpose of 50 kHz ultrasonic vocalisations is still unclear. Although 50 
kHz vocalisations are evoked in anticipation of rewards, they do not appear to be uniquely 
tied to motivation. They are also produced after a reward has been received, and can occur in 
early stages of aggressive fighting (Burgdorf et al., 2008). They also act as signals that elicit 
approach behaviours in other animals, leading to the suggestion that they may serve as social 
signals (Wöhr et al., 2007). Whilst 50 kHz USVs seem to generally reflect positive affect, it 
is likely that these USVs serve multiple purposes rather than being clearly associated with 
specific behaviours. Indeed, a recent study suggests that rather than being tied to specific 
behaviours, high-frequency USVs function as moment-to-moment regulators of social 
behaviours (Burke, Kisko, Swiftwolfe, Pellis, & Euston, 2017).  
The juvenile play period (spanning around P21 - P40) is vital for rodent social development. 
During this period, rodents engage in intensive “play-fighting” which is thought to enable 
them to learn how to cope successfully with future adult social interactions and social 
challenges. The importance of the play period for rodent social development is demonstrated 
by the profound alterations in social behaviour seen in rodents that are socially isolated 
during this period (Potegal & Einon, 1989; Hol et al., 1999; van den Berg et al., 1999). The 
factors regulating and shaping social development during the play period have been unclear. 
The role of perception in shaping juvenile play has received little attention. 
In humans, a number of lines of evidence in humans suggest that social touch plays a role in 
shaping social development. Touch is one of the first forms of parent-child interaction to 
emerge (Barnett, 2005). Newborns display responsivity to touch, with tactile stimulation 
activating a broader network of brain regions that auditory or visual stimulation (Shibata et 
al., 2012). In addition, 9-month old infants already show sensitivity to pleasant touch, as 
indicated by changes in heart rate and gaze (Fairhurst, Löken, & Grossmann, 2014). Parental 
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touch, like facial expressions, modulates infant affect and attention, and can elicit smiling 
from infants (Stack & Muir, 1992).  
The results of this study provide evidence to support the notion that somatosensory input 
regulates rodent social development. In particular, these results suggest that whiskers are 
required for the development of normal social motivation and reward mechanisms during the 
play period. Results from the previous study examining the effects of developmental whisker 
trimming in mice lend support to our finding; in this study, whisker trimming reduced the 
motivation to seek social interaction in adulthood (Soumiya et al., 2016). These results also 
demonstrate that processes governing social motivation and reward develop during the play 
period. This is consistent with many other studies demonstrating that juvenile play is 
incredibly rewarding to juvenile rodents (Calcagnetti & Schechter, 1992; Humphreys & 
Einon, 1981; Trezza et al., 2010). Therefore, successful interactions during this period are 
likely to be important for later production of affiliative social behaviours. 
In addition, multiple studies indicate that experience with play during the play period is vital 
for the development of adaptive aggressive behaviours, and the ability to modulate social 
behaviour according to (Pellis et al., 2006; Potegal & Einon, 1989; van den Berg et al., 1999). 
It would be of interest to determine whether whisker trimming during the play period also 
interferes with the acquisition of these behaviours. The ability to determine this is limited in 
the present study; whilst aggressive behaviours can be observed in direct social interaction 
test, they are likely to be reduced and intermixed with non-aggressive behaviours. A resident-
intruder paradigm would be better to address this question. In addition, in the present study, 
interaction was only assessed in a single context. Assessing behaviour in different contexts 
(i.e. with aggressive partners or male and female partners) would be of interest to determine 
whether whiskers are required for contextual modulation of social behaviour. 
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In conclusion, the results of this study indicated that whisker deprivation during the rodent 
juvenile play period led to long-lasting, partner-dependent alterations in rodent social 
interactions. In contrast, whisker trimming did not lead to compensatory changes in ultrasonic 
vocalisation or olfactory discrimination. The partner-dependent changes in play behaviour 
observed in this study indicate that whisker trimming does not prevent the ability to engage in 





5 The effect of altered sensory experience on the maturation of 
orbitofrontal excitatory circuitry 
5.1 Introduction 
5.1.1 Post-natal maturation of sensory circuits 
Once established, neuronal circuits undergo a period of post-natal development. This period 
of maturation is characterised by a rapid increase in synapse formation followed by a slower 
phase of synapse elimination. In human primary sensory and motor cortices, this rapid 
increase in synapse formation is most extensive around 3-4 months, with overall synapse 
number peaking around 1 year of age. At this peak, the total number of synapses is greater 
than in adult sensory cortex. This is accompaniued by a more prolonged period of synapse 
elimination until around age 3 which brings total synapse number down to adult levels  
(Huttenlocher, 1979; Huttenlocher et al., 1982; Huttenlocher, 1990). During development, 
neuronal connections are further refined by additional mechanisms, including synapse 
strengthening and weakening, and homeostatic changes (Knudsen, 2004). 
Post-natal maturation of neuronal circuitry is sensitive to experience. Studies of post-natal 
sensory cortex development have demonstrated that there are time “windows” during which 
experience plays a particularly critical role in shaping circuit development. The absence of 
normal experience during these “critical” or “sensitive” periods leads to abnormal circuit 
development and changes in sensory perception. The existence of critical or sensitive periods 
has been studied extensively in sensory cortices. One of the best characterised examples of 
critical period plasticity is ocular dominance plasticity. In adults, primary visual cortex is 
organised in alternating “columns” of neurons that respond preferentially to input from either 
the right or the left eye. Monocular deprivation in adulthood does not alter the organisation of 
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ocular dominance columns. In contrast, monocular deprivation during a fixed time window in 
early development results in the acquisition of abnormal ocular dominance columns. This is 
characterised by the expansion of columns representing the opened eye at the expense of 
those representing the closed eye (Hubel & Wiesel, 1964). Since the initial characterisation of 
critical periods for ocular dominance plasticity, critical or sensitive periods have been 
described for many other features of sensory processing, such as direction and orientation 
selectivity in visual cortices, and sound localisation in auditory cortex (Daw & Wyatt, 1976; 
Knudsen, Knudsen, & Esterly, 1984). Far less work has been done on plasticity in association 
cortex. 
5.1.2 Postnatal maturation of the “social brain” 
The term “social brain” is used to refer to brain regions that are particularly active during 
social cognition. The brain regions typically thought to contribute to the “social brain” consist 
of the medial prefrontal cortex, anterior cingulate cortex and orbitofrontal cortex, the 
amygdala, the tempo-parietal junction, the insula and the superior temporal sulcus (Adolphs, 
2001; Blakemore, 2008; Brothers, 1996; Frith, 2007). 
Researchers have begun to investigate how development of the “social brain” supports social 
development. Social cognitive development is protracted and extends into late adolescence 
(Blakemore, 2008). Studies investigating the development of the “social brain” have revealed 
that, like social cognitive development, the regions comprising the “social brain” mature 
more slowly than primary sensory and motor cortex. In brain regions associated with more 
complex cognitive functions such as the frontal lobe, both peak synapse formation and 
synaptic elimination occur more slowly than in primary sensory areas; in the frontal lobes, 
peak synapse formation is not reached until 7 years of age. The ensuing decline in synapse 
number continues into adolescence (Huttenlocher, 1979). 
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This finding is mirrored by human neuroimaging studes demonstrating that the maturation of 
“social brain” circuitry continues well into adolescence and early adulthood.  A general 
feature of the neocortex is that grey matter volume follows an inverted “U shape” during 
development: grey matter first expands beyong normal adult grey matter volume and then 
shrinks back to stablise at adult levels. In primary sensory and motor regions, grey matter 
volume is stable after the first few years of life (Gogtay et al., 2004). In contrast, in “social 
brain” regions, grey matter increases are seen from around 2 years and continue throughout 
childhood, peaking in pre-adolescence (10-13 years). This is followed by a decline in grey 
matter volume to reach adult levels.  
Different brain regions mature at different rates. Expansion is more rapid in the frontal lobes 
than the temporal lobe (Matsuzawa et al., 2001). Grey matter volume peaks around 12 years 
of age in prefrontal and parietal cortex, and 16 years of age in temporal cortex (Giedd et al., 
1999). Grey matter volume then declines in the second and third  decades of life. Notably, 
grey matter reductions continue into early adulthood. For example, reductions in grey matter 
volume continue in post-adolescence in the orbitofrontal cortex and striatum (Sowell et al., 
1999). 
In addition, long-range white matter tracts also undergo refinement during adolescence. In 
contrast to the inverted “U shape” of cortical grey matter develoment, white matter density 
increases linearly during childhood and adolescence up until about 20 years. This is thought 
to reflect increased myelination of white matter tracts, although other explanations such as 
increased axonal diameter have also been proposed (Paus, 2010). In particular, increased 
fractional anisotropy has been reported in the prefrontal cortex, corpus callosum, and striatum 
(Barnea-Goraly et al., 2005).  
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Similar patterns of grey and white matter growth are observed in non-human primates. Grey 
matter volumes increase rapidly around 1-3 months of age, but continue to increase until the 
late juvenile age. Growth is greatest in the orbitofrontal cortex, where volume peaks at 6.9 
months. This is followed by grey matter volume decreases, whilst white matter tracts increase 
in volume (Uematsu et al., 2017). 
Social development is shaped by experience. As with perceptual development, social 
development is characterised by “sensitive” time windows during which development is 
particularly shaped by experience. Whilst the precise time window during which experience 
is most effective varies for different aspects of social development, increasing evidence 
indicates that adolescence is a senstive period for social development (Blakemore & Mills, 
2014). Likewise “social brain” circuits undergo experience-dependent refinement during this 
period.   
The effect of experience on the development of the “social brain” has been extensively 
investigated in rats. These studies indicate that social isolation during the rat “juvenile play 
period” (P21 - P40) leads to long-lasting disruption of social behaviour that do not occur 
when rats are isolated at a later age. Social experience also shapes excitatory circuitry during 
the juvenile play period. Social experience has been reported to affect synapse number, 
dendritic branching and dendritic complexity (Bell et al., 2010a; Helmeke et al., 2009). In 
addition, social experience is required for normal myelination of white matter tracts in the 
prefrontal cortex (Biro et al., 2017; Liu et al., 2012; Makinodan et al., 2012; Sun et al., 2017). 
5.1.3 Maturation of the orbitofrontal and social cognition 
Like other brain regions involved in more complex functions, the prefrontal cortex displays a 
delayed period of synapse formation followed by synapse elimination. The prefrontal cortex 
undergoes a vast expansion in size in the first few years of life which slowly reduces over 
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childhood. The orbitofrontal cortex follows a similar pattern of change to the rest of the 
prefrontal cortex. However, studies have rarely investigated subregions of prefrontal cortex 
separately to determine whether they mature at different rates. A few studies do indicate that 
the orbitofrontal cortex may display particularly prominent maturational changes; for 
example, in one imaging study, volume reductions were observed into the early twenties in 
the orbitofrontal cortex (Sowell et al., 1999).  
Rodent studies have provided further insights into the maturation of orbitofrontal cortex 
circuitry and its role in social development. These studies have indicated that changes in 
dendritic length and branching occur in the orbitfrontal cortex during the “juvenile play 
period”. This refinement of circuitry is sensitive to social experience. Social isolation during 
the developmental play period leads to a reduction in the complexity of dendritic fields in the 
orbitofrontal cortex (Bock et al., 2008). Orbitofrontal spine development is experience-
dependent and influenced by the nature of the experiences acquired during the play period. 
Animals with more play partners have longer dendrites and more complex basil dendrites 
(Bell et al., 2010). Octodon degus deprived of paternal care display delayed spine growth in 
the orbitofrontal cortex (Helmeke et al., 2009). The importance of these changes in circuitry 
for social development are emphasised by the fact that damage to the orbitofrontal cortex 
during the “play period” leads to prominent deficits in social behaviour that are similar to 
those seen in socially isolated animals (Pellis et al., 2006). 
The maturation of long-distance connections between the orbitofrontal cortex and other brain 
regions may also contribute to social development. This has been most explored at the human 
level through diffusion tract imaging. White matter tracts projecting to the orbitofrontal 
cortex mature during adolescence, a period during which humans are particularly sensitive to 
social experience. For example, the uncinate fasciculus linking limbic structures in the 
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temporal lobe and the orbitofrontal cortex does not mature fully until the third decade of life 
(Olson, Von Der Heide, Alm, & Vyas, 2015). Changes in myelination in this tract have been 
related to developing social cognitive abilities (Olson et al., 2015). In addition, a diffusion 
magnetic resonance imaging study in rodents revealed altered dorsolateral orbitofrontal 
connectivity in rodents that had undergone social isolation during social development (Liu et 
al., 2016). 
5.1.4 Sensory projections to the orbitofrontal cortex 
Projections to the orbitofrontal cortex arise from diverse brain regions. This includes input 
from the thalamus, hypothalamus, limbic system, temporal lobe, prefrontal cortex (anterior 
cingulate and medial prefrontal cortex) and from cortical regions involved in sensory 
processing (see Chapter 1.4.2.1).  
The orbitofrontal cortex receives sensory input from all modalities. Olfactory inputs arise 
from the anterior olfactory nucleus, the piriform cortex, olfactory tubercle and olfactory field 
of the entorhinal cortex (Morecraft, Geula & Mesulam, 1992; Barbas, 1993; Carmichael and 
Price, 1995). Gustatory projections are received from the primary gustatory area of the 
orbitofrontal operculum, adjacent insular field Idg, and ventral area 3. Somatosensory 
projections arise from ventral primary areas 1-2, secondary somatosensory cortex, insular 
area Ig and parietal area 7b. Visual inputs stem predominantly from inferior temporal areas 
TEa and TEp and TEv of the ventral visual streams, as well as areas 7a, 7ip and superior 
temporal sulcus in the dorsal stream. Finally, auditory inputs originate from multiple primary 
and secondary auditory areas including primary auditory cortex, and auditory associaiton 
areas TS1 and TS2 (Romanski et al., 1999). 
The extensive projections from sensory regions to the orbitofrontal cortex suggest that the 
orbitofrontal cortex is involved in processing high-level features of sensory stimuli. This has 
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been supported by in vivo electrophysiological studies in monkeys and neuroimaging studies 
in humans. In vivo electrophysiological recordings demonstrate that populations of neurons in 
the orbitofrontal cortex respond to gustatory, olfactory, and visual stimuli, and display high 
selectivity to stimulus identity (Critchley & Rolls, 1996b; Tanabe et al., 1975).  
These studies indicate that the orbitofrontal cortex may be particularly involved in 
representing the reward value of sensory stimuli. Neurons in the orbitofrontal cortex that 
respond to gustatory stimuli are modulated by hunger and satiety (Critchley & Rolls, 1996a; 
Rolls et al., 1989). Imaging studies have shown that activity in the orbitofrontal cortex 
correlated with subjective ratings of pleasantness of tastes (Kringelbach et al., 2003). 
Moreover, inactivation of the orbitofrontal cortex blocks learned taste aversion in rats 
(Ramirez-Lugo, Penas-Rincon, Angeles-Duran, & Sotres-Bayon, 2016), and damage to the 
orbitofrontal cortex impairs taste discrimination, odour-induced taste perception, and 
pleasurable/aversive responses to taste (Stevenson & Miller, 2013). In trained olfactory 
discrimination tasks, many orbitofrontal neurons display selectivity to rewarded olfactory 
cue, or selectivity to odour quality (Critchley & Rolls, 1996b).  
Hence, the orbitofrontal cortex may play a role in linking sensory stimuli with reward. This 
may involve combining information across sensory modalities, as well as combining sensory 
information with other contextual information that may affect the subjective value of a 
stimulus. For example, in one study, the orbitofrontal cortex was found to be involved in 
modulating valuation of taste pleasantness according to other contextual information, such as  
price (Schmidt, Skvortsova, Kullen, Weber, & Plassmann, 2017). 
5.1.5  Touch and the “social brain” 
Social touch, that is the touch of one conspecific onto another, acts as a form of 
communication that conveys social meaning. Gentle, carressing social touch is pleasurable 
231 
 
and signals affection. Therefore, it can be an important part of forming attachments and 
bonding. 
Gentle touch is detected by low-threshold mechanoreceptors in the skin (Zimmerman, Bai, & 
Ginty, 2014). In the periphery, touch is carried by C type axons. Tactile sensory information 
projects centrally via the thalamus to multiple cortical maps of the body in somatosensory 
cortex. The most prominent input is to primary somatosensory cortex, where there is fine-
grain, topographic map of the contralateral body. In humans, this map is called the 
homunculus. In rodents, it is referred to as the ratunuculus. Secondary somatosensory cortex 
harbours a topographic map of the body, which tends to be coarser than the map in primary 
somatosensory cortex. Unlike primary somatosensory cortex, secondary somatosensory 
cortex receives inputs from both sides of the body. In humans, there is a third coarse touch 
map involving the posterior parietal cortex and insula. In rodents, the homologous map is 
found in the parietal ventral area (Albieri et al., 2015).  Primary and secondary 
somatosensory cortex are linked by extensive reciprocal connections. Social touch is 
particularly effective at eliciting neuronal responses in somatosensory cortex; social whisker 
touch elicits much more neuronal activity than object touch in barrel cortex (Bobrov et al., 
2014).  
Recently, studies in humans have investigated the effect of somatosensory stimulation on 
brain regions outside of primary and secondary sensory cortex. These studies have 
demonstrated that gentle touch that mimics social caressing touch activates a network of 
brain regions including the bilateral insula, right superior temporal sulcus, bilateral 
temporoparietal junction, right fusiform gyrus, right amygdala and bilateral ventrolateral 
prefrontal cortex, including the orbitofrontal cortex. These are the brain regions that 
constitute the “social brain” (Adolphs, 1999; Blakemore, 2008; Frith, 2007). 
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The orbitofrontal cortex appears to be strongly recruited during gentle touch. Furthermore, 
activity in the orbitofrontal cortex appears to be involved in representing the subjective 
experience and pleasantness of touch. Indeed, multiple BOLD fMRI imaging studies indicate 
that pleasant touch activates the orbitofrontal cortex (Rolls et al., 2003; Lamm, Silani and 
Singer, 2015). This is true for both first-hand and second-hand experience of touch (Lamm et 
al., 2015; McGlone et al., 2012). In contrast, unpleasant touch activates the right fronto-
insular cortex (Rolls et al., 2003).  
In summary, touch appears to carry social meaning that is processed in the social brain. This 
is supported by the fact that “social brain” regions are highly responsive to touch. The 
orbitofrontal cortex is particularly involved in representing the affective properties of touch.  
5.1.6 The role of touch in typical and atypical development of the “social brain” 
The studies described above indicate that social touch is an important component of social 
cognition and that “social brain” regions process touch. The response of “social brain” 
regions to gentle touch develops during the first year of infancy. Gentle touch activates the 
anterior prefrontal cortex of 10-month old, but not 3 and 6-month old infants (Kida & 
Shinohara, 2013). As such, it is possible, that social touch contributes to the development of 
the “social brain”. Indeed, the frequency of maternal touch predicts functional connectivity 
within “social brain” regions including the frontal cortex, insula and superior temporal sulcus 
in five year olds, suggesting that touch may help to shape development of the “social brain” 
(Brauer, Xiao, Poulain, Friederici, & Schirmer, 2016). 
Altered sensory processing may also contribute to atypical development of social cognition 
and the “social brain”. Individuals with neurodevelopmental disorders frequently display 
hypo- and hyper-reactivity to sensory stimuli (e.g. see Robertson & Baron-Cohen, 2017 
review). These sensory changes are seen early, often preceding diagnosis. As such, it is 
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possible that sensory dysfunction contributes to atypical development of the “social brain” in 
individuals with neurodevelopmental disorders. Indeed, BOLD activity within the “social 
brain” network is hypoactive in response to gentle pleasant touch in children with autism 
spectrum disorders (Kaiser et al., 2016). Furthermore, autistic traits in “healthy” adults 
negatively correlate with activity in the orbitofrontal cortex and superior temporal sulcus 
(Voos, Pelphrey, & Kaiser, 2013). However, the role of sensory experience in shaping 
maturation of the “social brain” has not been much explored directly. 
5.1.7 Aims 
Sensory input is not only required for social interactions, but may also shape maturation of 
the “social brain”. This suggests that abnormal sensory processing early in life may disrupt 
development of the social brain. The effect of altered sensory experience on maturation of 
cortical circuits has been investigated extensively in primary sensory cortex (Hensch, 2005). 
In contrast, the effect of sensory experience on neural circuitry in non-sensory association 
cortex forming the social brain has received scant attention. 
The aim of this experiment was to investigate the effect of altered tactile experience on 
maturation of the “social brain”. I focussed on the orbitofrontal cortex, a region that: receives 
input from multiple somatosensory processing regions; is highly active during social touch; 
and is involved in processing the rewarding aspects of touch. Sensory experience was altered 
by whisker trimming rodents during the “juvenile play period”, a period during which rodents 
are particularly sensitive to social experiences, and during which the orbitofrontal cortex 






5.2.1 Animal housing and welfare 
Procedures were carried out in accordance with the UK Animals (Scientific Procedures) Act 
1986 under licence (PIL: 28ea4c7f,  PPL: 70/7343 and P431DF110 ). Animals used in this 
study consisted of 21 male Sprague Dawley rats obtained from Charlies River Laboratories 
UK (Margate, UK) that had previously undertaken behavioural testing. Animals were housed 
in pairs with ad libitum access to food and water under a 12 hour dark-light cycle. 
5.2.2 Study design 
A subset of the rats that underwent whisker trimming and behavioural testing (see chapter 
4.2.1) were used for in vitro electrophysiological recordings. Rats used in this study 
underwent either daily bilateral whisker trimming (T) or sham trimming (S) from P21 - P36, 
followed by behavioural testing. Further details of both the trimming and behavioural testing 
procedure can be found in chapter 4.2.  
Rats were housed in pairs. Either both rats were sham-trimmed animals (SS, n = 10 animals) 
or  both rats underwent  bilateral whisker trimming (TT, n = 11 animals). 
Electrophysiological studies were conducted on adult rats aged P60 - P80.  
5.2.3 Brain dissection and slice preparation 
Rats were anaesthetised with 3% Isoflurane (Isoflurane-Vet, Merial Animal Health Ltd, 
Essex) in 1 L/min O2. I checked that reflex responses to a painful tail pinch were abolished 
and then made a midline incision to expose the abdomen, thorax and neck veins. The right 
and left internal jugular neck veins were cut and I clamped the descending aorta. The tip of 
the perfusion tube was inserted into the rat’s left ventricle and 50 ml of ice-cold dissection 
artificial cerebrospinal fluid was perfused. The dissection artificial cerebrospinal fluid 
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contained (in mM): 108 choline chloride, 3 KCl, 26 NaHCO3, 1.25 NaH2PO4, 25 Dextrose, 
3 Na pyruvate, 2 CaCl2,1 MgCl2, 285 mOsm, bubbled with 95%O2/CO2.  
After transcardiac perfusion, the brain was dissected from the skull and placed in ice-cold 
dissection artificial cerebrospinal fluid bubbled with 95%O2/5%CO2. The brain was glued 
onto a microtome block and 300 μm coronal slices were cut through frontal cortex using a 
vibratome (Campden Instruments). Slices were transferred to an incubation bath containing 
bath-artificial cerebrospinal fluid bubbled with 95%O2/5%CO2 and maintained at a 
temperature of 34 - 36°C for at least one and a half hours before starting to record. The bath-
artificial cerebrospinal fluid contained (in mM): (in mM): 124 NaCl, 2.3 KCl, 26 NaHCO3, 
1.43 KH2PO4, 10 Dextrose, 1 MgSO4, and 2 CaCl2.  
5.2.4 Electrophysiology 
Brain slices were transferred to the recording chamber which circulated recording artificial 
cerebrospinal fluid bubbled with 95%O2/5%CO2 and maintained at a temperature of 37 °C 
containing (in mM): 124 NaCl, 2.3 KCl, 26 NaHCO3, 1.43 KH2PO4, 10 Dextrose, 1 
MgSO4, and 2 CaCl2. Slices were held in position using a grating consisting of an arc of 
flattened platinum wire crossed with strands of dental floss. Slices were visualised at low 
power using an Olympus BX51W1 light microscope (Olympus UK Ltd) at 2x and 5x 
magnification.  
For electrophysiological recordings, neurons were visualised with a 40x water immersion 
objective and infrared differential interference contrast (IR-DIC) microscopy. A digital 
camera (SPOT Insight QE; Diagnostic Instruments Inc., Sterling Heights, MI) and SPOT 
interface program (Diagnostic Instruments, MI, USA) were used to capture real-time images. 




Neurons from ventral and ventrolateral orbitofrontal cortex were patched with recording 
pipettes pulled from filamented boroscilate glass capillaries (1.5 mm outer diameter, 0.86 mm 
inner diameter; Harvard Apparatus Ltd., Edenbridge, UK) using a Flaming/Brown 
micropipette puller (Model P-97; Sutter Insrtument Co., Novato, CA) with a resistance 
between 4-8 MΩ. Neurons were approached with the pipette in voltage clamp recording 
mode. During approach onto the neuron, a small positive pressure was applied to the pipette 
solution to gently blow away surrounding tissue. Recordings were switched to current-clamp 
mode once a gigaseal had been formed and the membrane inside the pipette tip had been 
ruptured. Whole-cell recordings were carried out in current-clamp mode using a Axon 
Multiclamp 700A amplifier (Molecular Devices Corporation, Sunnyvale, CA). Pipette 
capacitance was compensated (4-7 pF) and bridge balance (10-30 MΩ) was adjusted with the 
software that controlled the Multiclamp 700A amplifier. Pipette capacitance and access 
resistance were monitored and adjusted to optimize my recordings. Action potentials were 
filtered at 10 kHz and synaptic potentials were filtered at 3 kHz using a low-pass 8-pole 
Bessel filter. 
Recordings were discarded if the access resistance exceeded 40 MΩ or if it increased by 
more than 20%. Neurons with a resting membrane potential more depolarized than -65 mV 
were discarded. Neurons were selected on the basis of their morphology and a regular spiking 
pattern of neural firing in response to 500 ms pulses of depolarising currents (400-1000 pA). 
5.2.5 Passive membrane properties 
Passive membrane properties were measured using the custom written Labview (National 
Instruments, Austin, TX, USA) program ‘GTF passive membrane properties’. Four traces 
were averaged per cell for analysis. 
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Passive membrane properties consist of resting membrane potential  (Vm), membrane 
resistance (Rm), membrane time constant (τm) and membrane capacitance (Cm). Resting 
membrane potential was recorded a few minutes after breaking into the cell. The other 
passive membrane properties (Rm, τm and Cm)  of pyramidal neurons was assessed by 
injecting a 100 ms -100 pA current into the cell. The membrane resistance was calculated 
using Ohm’s law:  
Rm = ∆V/I 
A curve was fitted to the data to calculate the membrane time constant, τm. This was 
calculated as the time taken to reach 1/(1-e) (~63%) of the maximum change in voltage. The 
membrane capacitance was calculated using the following equation: 
Cm = τm/Rm 
 
5.2.6 Intrinsic excitability 
Intrinsic excitability was measured by injecting  500 ms depolarizing current pulses of 
varying amplitude (+400, +600, +800 and +1000 pA). Smaller currents were injected to 
identify the minimum amount of current needed to elicit one action potential (rheobase). The 
number of action potentials was plotted against the amplitude of current injected. I fitted a 
regression line to the data and calculated the slope and intercept. 
5.2.7 Miniature excitatory postsynaptic potentials 
Miniature excitatory post-synaptic potentials (mEPSPs) consist of sponaneous release of 
single vesicles that occur in the absence of an action potential (del Castillo & Katz, 1954; Fatt 
& Katz, 1952). A more in-depth description of mEPSPs can be found in chapter 3.  
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mEPSPs were recorded in current clamp mode. To abolish action potential activity, 1µM 
Tetradotoxin was washed onto the slice. In addition, 100 µM Picrotoxin was washed onto the 
slice to block GABAA receptors. mEPSPs were recorded 12-15 minutes after wash-on of 
these drugs at resting membrane potential. A +1000 pA pulse was applied prior to data 
collection to ensure that all action potential activity had been abolished. An 8-pole Bessel 
filter with a -3 dB corner frequency of 3 kHz was used to acquire traces. 
mEPSPs were analysed blind to group using the custom written program 
GTFspontaeousEPSPs v1.2. mEPSPs were measured with two cursors that detected the rise 
and the peak of the event. Depolarsing potentials were considered to be mEPSPs if they met 
the following criteria: 1) Time to peak shorter than 5 ms, 2) An asymmetric peak with a 
decay time longer than the rise time, 3) A peak amplitude that exceeded 2.5 times the root 
mean square of the noise. 
5.2.8 Evoked excitatory postsynaptic potentials 
Evoked EPSPs were measured by recording changes in membrane potential in response to 
axonal stimulation of local axons in layer 2/3. A concentric bipolar stimulating electrode was 
placed in layer 2/3 ventrolateral orbitofrontal cortex (average distance from neuron: sham: 
665 ± 101 µm; trim: 827 ± 100 µm) and a train of 8 pulses was applied using a constant-
current generator (Digitimer, Welwyn Garden City). Evoked EPSPs were measured after 
adding 50µM Picrotoxin (ptx) to the bath to block GABAA receptors. 
Pulses of varying current were applied to determine the current required to elicit an EPSP on 
all 8 pulses in a train on 50% of trials. This was defined as minimal stimulation. Minimal 
stimulation was then used to measure evoked EPSP properties and dynamics. A train of 8 
pulses lasting 50 µs and at the current required for minimal stimulation was applied at 
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frequencies of 10, 20 and 40 Hz. Evoked EPSPs were averaged across 10 trials per 
stimulation frequency.  
Normalised EPSP amplitude was calculated as the amplitude of the EPSP response during  a 
train divided by the amplitude of EPSP1, e.g. for the xth EPSP, normalised amplitude = 
EPSPx/EPSP1. The paired-pulse ratio was calculated as the amplitude of EPSP2 divided by 
the amplitude of EPSP1. The normalised steady-state amplitude was measured from the 
normalised EPSP values and was calculated by averaging the amplitude across the last four 
pulses of the train. Finally, the difference between EPSP2 and the steady-state amplitude was 
calculated by subtracting the normalised steady-state amplitude from the normalised 
amplitude of EPSP2. This gave a measure of the depression of responses after EPSP2.  
The delay (ms) between stimulation and evoked EPSP activity was measured. The delay to 
the first EPSP in a train was averaged across stimulation frequencies. To account for 
differences in electrode placement on the slice and therefore, distance between the electrode 
and the recorded cell, velocity (m/s) was calculated by dividing the distance between the 
electrode and the recorded cell by the latency to the first EPSP in a train.  
5.2.9 Statistical analysis 
Normally distributed data were described by mean ± standard error of the mean (sem) and 
analysed using parametric tests. A log transform was first applied to non-normally distributed 
data. If this did not succeed in transforming the data into normally distributed data, the data 
were described by the median (interquartile range – IQR) and analysed using non-parametric 
statistics.  
Independent t-tests and Mann-Whitney rank sum tests were used to compare two sets of data. 
For the short-term dynamics data, a mixed ANOVA with independent variables of group 
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(sham vs trim) and frequency (10, 20, & 40 Hz) was conducted on the normalised data, with a 
log transform applied where appropriate. 
5.3 Results 
5.3.1 Passive membrane properties 
Passive membrane properties can affect the response of a neuron to current flow across its 
membrane. Hence, passive membrane properties can affect intrinsic excitability and alter the 
propensity of the neuron to fire action potentials. Therefore, I first investigated whether a 
period of whisker deprivation during development affected the passive membrane properties 
of pyramidal neurons in the orbitofrontal cortex. 
Resting membrane potential (Vm) was not significantly different in developmentally 
whisker-trimmed animals relative to sham animals (sham, Vm = -78 [-76 - -79] mV, n = 15 
neurons; trim, Vm = -76 [-74 - -78] mV, n = 19 neurons; Mann-Whitney U = 99.50,  p = 
0.138) (Fig. 31A). There was also no significant difference in membrane resistance (sham, 
Rm = 26 [24-32] MΩ, n = 15 neurons; trim Rm = 26 [21-30] MΩ, n = 19 neurons, Mann-
Whitney U = 121.00, p = 0.466) (Fig. 31B). 
Membrane time constant was similar in sham and developmentally-trimmed whisker animals 
(sham, τm = 9.4 [9.1-10.0] ms, n = 15 neurons; trim τm  = 9.5 [9.0-10.5] ms, n = 19 neurons, 
Mann-Whitney U = 121.00, p = 0.466) (Fig. 31C). Finally, membrane capacitance was not 
affected by developmental whisker trimming (sham, Cm = 358 ± 24 pF, n =15 neurons; trim: 
384 ± 24 pF, n = 19 neurons; t-test, t(32) = 0.737, p = 0.467) (Fig. 31D). I concluded that the 
passive membrane properties of orbitofrontal pyramidal neurons were unaffected by a period 




Figure 31: Passive membrane properties of layer 2/3 orbitofrontal pyramidal neurons in sham 
and developmentally whisker trimmed animals. 
A-D: Box and whisker plot of resting membrane potential (A), membrane resistance (B), membrane 
time constant (C) and membrane capacitance (D) in orbitofrontal pyramidal neurons from sham and 
developmentally whisker trimmed animals. 
5.3.2 Intrinsic excitability 
The intrinsic excitability of a neuron is its propensity to fire action potentials and reflects its 
response to depolarising current flow across the membrane. Intrinsic excitability is sometimes 
altered during learning paradigms (Sehgal, Ehlers, & Moyer, 2014). In addition, changes in 
firing patterns and in intrinsic excitability have been described during critical period plasticity 
(Lambo & Turrigiano, 2013; Maravall et al., 2004). Hence, changes in intrinsic excitability 
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may occur in the orbitofrontal cortex during the juvenile play period, and may be altered by 
whisker trimming.  
I investigated whether the intrisic excitability of pyramidal orbitofrontal neurons was altered 
by whisker deprivation during the juvenile play period. I injected depolarising current pulses 
into layer 2/3 pyramidal neurons in orbitofrontal cortex (Fig. 32A-C).  There was no 
difference in the slope of the input-output function in sham and developmentally whisker-
trimmed animals (sham = 0.024 [0.018-0.030] Hz.pA-1, n = 15 neurons, trim = 0.028[0.023-
0.031] Hz.pA-1, n = 19 neurons, Mann-Whitney U = 119.00, p = 0.423) (Fig. 32D. There was 
also no difference in the constant of the input-output function between sham versus 
developmentally whisker-trimmed animals (sham: -12.8 ± 2.0 action potentials, n = 15 
neurons; trim: -12.7 ± 1.3 action potentials, n = 19 neurons; t-test, t(32) = 0.037, p = 0.971) 
(Fig. 32E). 
Rheobase is defined as the current injection required to elicit one action potential. Rheobase 
was extrapolated from the input-output function by fitting a line to the data in the range 200-
1000 pA and determining the value of x at y = 1. Rheobase was not statistically significantly 
different in sham and developmentally whisker-trimmed animals (sham: 558 ± 36 pA, n = 15 
neurons; trim: 524 ± 37 pA, n = 19 neurons; t-test, t(32) = 0.642, p = 0.525, Fig. 32F). I 
concluded that the excitability of orbitofrontal pyramidal neurons was unaffected by a period 








Figure 32: Intrinsic excitability of layer 2/3 pyramidal orbitofrontal neurons in sham and 
developmentally whisker trimmed animals. 
A: Example traces of action potentials in response to 500 ms depolarising current pulses (+600 - +1000 
pA) in a layer 2/3 orbitofrontal pyramidal neuron. Scale bars: 100 ms, 20 mV. B: Input-output function 
for a single orbitofrontal pyramidal neuron. C: Input-output functions for layer 2/3 orbitofrontal pyramidal 
neurons in sham and developmentally whisker deprived animals. D-F: Box and whisker plots depicting 
input-output slope (D), intercept (E), and extrapolated rheobase (F) in sham and developmentally 
whisker deprived animials 
5.3.3 Miniature excitatory postsynaptic potentials 
Maturation of cortical circuitry involves a period of refinement of neuronal synapses. This is 
achieved through a rapid increase in synaptic connections, followed by a prolonged period of 
synapse elimination. In addition, remaining synapses are strengthened.  
Changes in sensory experience during the juvenile play period could alter the maturation of 
synaptic connectivity and function in orbitofrontal cortex pyramidal neurons. I investigated 
this by measuring the frequency and amplitude of miniature excitatory post-synaptic 
potentials (mEPSPs) in orbitofrontal pyramidal neurons (Fig. 33A). There was no significant 
difference in the mean frequency of miniature EPSPs in the orbitofrontal pyramidal neurons 
of sham and developmentally whisker trimmed rats (sham, 18.7 ± 0.8 Hz, n = 14 neurons; 
trim, 21.4 ± 1.2 Hz, n = 16 neurons; t-test, t(28) = 1.863, p = 0.073, Fig. 33A, B) 
The amplitude of miniature EPSPs was not significantly different in orbitofrontal pyramidal 
neurons of sham and developmentally whisker trimmed animals (sham: Vm = 0.15 [0.13-
0.16] mV, n = 14 neurons; trim: Vm = 0.15 [0.13-0.16] mV, n = 16 neurons, Mann-Whitney 
U = 106.00, p = 0.819, Fig. 33C, D). 
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I concluded that a period of whisker trimming (P21 – P36) did not affect global excitatory 
input onto layer 2/3 pyramidal neurons in orbitofrontal cortex.  
 
Figure 33: mEPSP properties in sham and developmentally whisker-trimmed orbitofrontal 
pyramidal neurons. 
A, B: Box and whisker plot(A) and cumualtive fraction plot (B) of mEPSP amplitude (mV) in sham and 
developmentally whisker-trimmed animals. C, D: Box and whisker plot(C) and cumualtive fraction plot 
(D) of mEPSP frequency (Hz) in sham and developmentally whisker-trimmed animals. E: Example 100 
ms trace of recorded spontaneous activity in an orbitofrontal pyramidal cell. 
5.3.4 Evoked excitatory post-synaptic potentials 
I explored the properties of excitatory connections further in the orbitofrontal cortex of sham 
and developmentally whisker-trimmed animals by studying evoked excitatory post-synaptic 
potential (EPSP) activity in response to local layer 2/3 stimulation. 
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I first investigated the amplitude of evoked EPSPs in orbitofrontal pyramidal neurons in 
response to minimal stimulation. I used the first response in the train, EPSP1, to measure the 
response of connections to very low frequency stimulation. I averaged the amplitude of 
EPSP1 in a pulse train across stimulation frequencies for each neuron. There was no 
difference in the amplitude of EPSPs in sham and developmentally whisker-trimmed animals 
(sham: Vm = 0.20 [0.17-0.27] mV, n = 10 neurons, trim: Vm = 0.23 [0.12-0.44] mV, n = 11 
neurons, Mann-Whitney U = 52.00, p = 0.860) (Fig. 34A). 
Next, I explored the timing of evoked EPSP activity. Myelination in the prefrontal cortex 
exhibits a critical period, which is dependent on social experience (Makinodan et al 2012; Liu 
et al 2012), over the same time period that I trimmed rats’ whiskers. Therefore, the whisker 
deprivation protocol could affect the timing of evoked responses by reducing axonal 
myelination in orbitofrontal cortex.   
To investigate the timing of evoked EPSP activity, I averaged the delay between the 
stimulation artefact and EPSP1 across the three stimulation frequencies. The average latency 
of evoked EPSP1 in layer 2/3 pyramidal neurons of orbitofrontal cortex was 4.31 ± 0.61 ms 
in sham-trimmed rats and 4.43 ± 0.37 ms in whisker-trimmed rats. There was no significant 
difference in conduction velocity between orbitofrontal pyramidal neurons in sham and 
developmentally whisker-trimmed rodents (sham, 0.16 ± 0.02 m.s-1, n = 10 neurons; trim: 
0.18 ± 0.01 m.s-1, n = 11 neurons; t-test, t(19) = 0.929, p = 0.365, Fig. 34B). I concluded that 
the whisker trimming protocol did not affect the axonal conduction velocity or latency of 





Figure 34: Amplitude and conduction velocity of evoked EPSPs in response to local layer 2/3 
stimulation in orbitofrontal pyramidal neurons. 
A: Box and whisker plot depicting amplitude (mV) of evoked EPSPs in orbitofrontal pyramidal neurons 
of sham and developmentally whisker-trimmed rats. B: Mean ± sem conduction velocity (m/s) in 
orbitofrontal pyramidal neurons of sham and developmentally whisker-trimmed rats with overlaid 
scatter. 
I next investigated the effect of whisker trimming on the short-term dynamics of synaptic 
responses in layer 2/3 pyramidal neurons of orbitofronal cortex (Fig. 35A). I normalised the 
amplitudes of all evoked EPSPs to the amplitude of the first pulse (EPSP1) in the train. 
Evoked EPSPs typically show and initial facilitation followed by depression (Fig. 35B, C). 
Facilitation peaked early in the train of evoked responses, usually at EPSP2. Therefore, I 
characterised the initial facilitation by calculating the paired-pulse ratio. As expected, 
synaptic facilitation was frequency-dependent, with higher frequency stimulation evoking 
greater paired-pulse facilitation (EPSP2/EPSP1: sham: 10 Hz: 1.24 ± 0.08 mV; 20 Hz: 1.41 ± 
0.17 mV; 40 Hz: 2.04 ± 0.49 mV, trim: 10 Hz, 0.95 ± 0.10 mV; 20 Hz: 1.74 ± 0.45 mV; 40 
Hz: 1.52 ± 0.41 mV, stimulation frequency main effect: F(2,38) = 4.221, η2 = 0.182, p = 
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0.022; post-hoc t-tests: 10 Hz vs 40 Hz p = 0.045, log-transformed data). Whisker trimming 
did not affect the paired pulse ratio displayed by layer 2/3 pyramidal neurons in orbitofrontal 
cortex (frequency x group interaction: F(2,38) = 1.317, η = 0.065, p = 0.280; group main 
effect: F(2,19) = 1.426, η2 = 0.070, p = 0.247, log transformed data) (Fig. 35D). 
After an initial facilitation, synaptic depression became apparent and EPSP amplitude 
approached a new steady-state (Fig, 35B, C). I measured the normalized steady-state 
amplitude by averaging the normalized amplitudes of the last four  EPSPs in the train. The 
normalized steady-state amplitude of EPSPs in the train was similar across stimulation 
frequencies (stimulation frequency: F(2,38) = 2.433, η2 = 0.113, p = 0.101) (Fig. 35E). I 
found that the steady-state ratio of EPSPs was not significantly different in sham and 
developmentally trimmed animals (F(1,19) = 0.970, η = 0.049, p = 0.337; stim x genotype 
interaction: F(2,38) = 1.640, η2 = 0.079, p = 0.207) (Fig. 35E). 
Finally, I investigated the amount of depression from the second pulse to the end of the pulse 
by subtracting the normalised steady-state amplitude from the normalised EPSP2 amplitude. 
There were no significant differences between sham and developmentally whisker-trimmed 
animals. In addition, the amount of depression from the second pulse to the end of the pulse 
train was not sigificantly different across stimulation frequencies (stimulation frequency main 
effect: F(2,38) = 0.307, η2 = 0.016, p = 0.737, stimulation x group interaction: F(2,38) = 
0.857, η2  = 0.043, p = 0.432, group main effect: F(2,19) = 0.011, eta = 0.001, p = 0.917) 
(Fig. 35F). 
I concluded that the whisker trimming protocol did not affect the short-term dynamics of 




Figure 35: Effect of whisker trimming on the short-term dynamics of evoked EPSPs in 
orbitofrontal pyramidal cells. 
A: Example traces of EPSPs in layer 2/3 pyramidal neurons of orbitofrontal cortex evoked by stimulus 
trains at 10, 20 and 40 Hz. B: Mean amplitude of evoked EPSPs in pyramidal neurons of sham (left) 
and developmentally whisker trimmed (right) rodents. C: Mean normalised amplitude (mV) of evoked 
EPSPs in pyramidal neurons of sham (left) and developmentally whisker trimmed (right) rodents. D: 
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Mean paired-pulse ratio in pyramidal neurons of sham (left) and developmentally whisker trimmed 
(right) rodents. E: Mean normalised steady-state in pyramidal neurons of sham (left) and 
developmentally whisker trimmed (right) rodents. F: Mean difference between EPSP2 amplitude and 
steady-state amplitude in pyramidal neurons of sham (left) and developmentally whisker trimmed (right) 
rodents. Error bars B – F, s.e.m.. 
5.4 Discussion 
Sensory input plays a major role in our social interactions. As a result, we possess brain 
regions dedicated to processing sensory stimuli that carry social meaning, and multiple 
regions of the “social brain” are activated by social stimuli. A vast body of evidence indicates 
that sensory experience shapes the post-natal development of primary perceptual processing 
areas. However, the role of sensory experience in shaping “higher-level” brain regions that 
are involved in more complex cognitive skills such as social cognition is unclear.  
The aim of this chapter was to determine whether changes in tactile experience during the 
juvenile play period,  which is a sensitive period for social development, affected the 
maturation of excitatory orbitofrontal cortex circuitry. I deprived rats of whisker sensory 
input during the juvenile play period by daily whisker trimming. My results indicated that 
juvenile somatosensory deprivation did not lead to changes in either the intrinsic excitability, 
frequency or amplitude of spontaneous excitatory activity, or the amplitude and short-term 
dynamics of evoked excitatory activity in orbitofrontal pyramidal cells. Hence, excitatory 
activity in the orbitofrontal cortex appeared unaffected by a period of complete whisker 
deprivation during development. 
The orbitofrontal cortex is part of a network of brain regions that constitute the “social brain” 
(Adolphs, 2001; Brothers, 1996). Multiple lines of evidence indicate that post-natal 
development of the orbitofrontal cortex is important for social development, and that social 
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experience plays a role in shaping orbitofrontal circuit development. The obitofrontal cortex 
receives inputs from all sensory systems and is thought to associate sensory stimuli with 
reward. Hence, one function of the orbitofrontal cortex may be to integrate sensory 
information for the purpose of social interaction . 
I hypothesised that changes in sensory experience during development could affect the 
maturation of orbitofrontal cortex circuitry. The cellular mechanisms by which experience 
shapes orbitofrontal development have not been extensively studied. However, the existing 
studies suggest that changes in excitatory synapses may occur during development (Bell, 
Pellis, & Kolb, 2010; Helmeke et al., 2009). Hence, I focused on excitatory circuitry.  
Multiple studies have reported changes in intrinsic excitability during learning (McKay, Oh, 
& Disterhoft, 2013). Moreover, changes in intrinsic excitability and in firing patterns have 
been described during critical period plasticity in the visual cortex and the barrel cortex 
(Lambo & Turrigiano, 2013; Maravall et al., 2004). Therefore, I investigated whether altered 
sensory experience affected the intrinsic excitability, passive membrane properties and firing 
pattern of orbitofrontal pyramidal neurons. I observed no changes in firing pattern, intrinsic 
excitability, or passive membrane properties as a result of juvenile whisker deprivation. Thus, 
whisker deprivation during the juvenile play period did not alter the development of 
pyramidal neuronal intrinsic properties. 
Synapse pruning is a second mechanism that may contribute to circuit development during 
sensitive periods of development. Indeed, post-natal circuit maturation is characterised by a 
period of a rapid increase in synapse number followed by a slower phase of synapse 
elimination (Huttenlocher, 1979, 1990; Huttenlocher et al., 1982). This process is delayed in 
association areas such as the orbitofrontal and prefrontal cortex compared with primary 
sensory cortex (Huttenlocher, 1979). Synaptic pruning in the orbitofrontal cortex may play a 
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role in supporting social development. Indeed, the extended phase of synapse elimination 
partially overlaps with social development; studies indicate that synapse number is still 
decreasing during adolescence, which has been considered a critical period for social 
development. Changes in grey matter volume across childhood and adolescence have also 
been interpreted as indirect evidence for synaptic pruning, with increases and reductions in 
volume being taken to partially represent synapse formation and elimination, respectively. 
However, it is worth noting that the period of synapse formation/elimination and grey matter 
volume changes only partially overlap, making it likely that other processes contribute to 
reduction in grey matter volume during adolescence. In addition, histological studies 
examining the orbitofrontal cortex in rodents have failed to detect changes in spine density as 
a result of altered social experience during the juvenile play period (Bell et al., 2010). 
However, given that synaptic pruning occurs slowly across a prolonged timescale, it is 
possible that only small reductions in spine number occur, which could be difficult to detect.  
The results of this study indicated that whisker deprivation during the juvenile play period did 
not affect excitatory synapse density and synaptic pruning in the orbitfrontal cortex. Indeed, I 
found no difference in either the frequency of miniature excitatory post-synaptic potentials or 
in the amplitude of evoked excitatory post-synaptic potentials. Both of these measures reflect 
more than just synapse number, and depend on properties such as the number of vesicles at 
the pre-synapse, or in the case of evoked excitatory post-synaptic potentials, the strength of 
synapses. However, the absence of a change in either of these measures provides strong 
evidence that excitatory synapse number was not affected by tactile deprivation during 
orbitofrontal development in the juvenile play period. 
The experimental data indicate that synapse number is constant on layer 2/3 pyramidal 
neurons over the critical period for social development. There are no data on synapse 
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turnover in the orbitofrontal cortex, in large part because it is a difficult area to image 
longitudinally in vivo. It is possible that reorganization of neural circuitry in orbitofrontal 
cortex relies on a balance between synapse formation and elimination, as has been described 
in sensory cortices (Barnes & Finnerty, 2010; De Paola et al., 2006; Holtmaat & Svoboda, 
2009). 
Changes in synaptic strength may contribute to post-natal maturation of social brain circuitry. 
This may include Hebbian strengthening of synapses, and weakening of synapses that are 
eventually eliminated (Knudsen, 2004). Few studies have investigated how the strength of 
connections is altered in the “social brain” during development. This requires 
electrophysiological investigation, as it is a measure of the function of synapses. However, it 
is likely that changes in the function of synapses occurs to support social development. 
I investigated whether the strength of synapses was altered by sensory experience during the 
juvenile play period in the orbitofrontal cortex. I found no change in miniature excitatory 
post-synaptic potential amplitude after whisker deprivation during the juvenile play period. 
Similarly, the evoked EPSP amplitude in layer 2/3 pyramidal neurons in orbitofrontal cortex 
was not affected by whisker deprivation. Finally, I found no changes in the short-term 
dynamics of evoked EPSPs. Taken together, my data suggest that excitatory synaptic 
transmission in orbitofrontal cortex was unaffected by a period of whisker trimming during 
development. 
At mature synapses, the delay between depolarisation of the presynaptic bouton and  the 
postsynaptic response onset is highly fixed (Katz & Miledi, 1968). However, a recent study 
indicated that synaptic delay can be altered during experience-dependent reorganisation of 
circuitry in the barrel cortex (Barnes et al., 2015). Specifically, increases in the latency of 
synaptic transmission have been reported during periods of increased elimination of neuronal 
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connections in mature tissue (Barnes et al., 2015). During post-natal brain maturation, circuits 
undergo a period of prolonged synapse elimination after the initial period of rapid synapse 
formation (Huttenlocher et al., 1982). Hence, it is possible that the latency of synaptic 
transmission is more variable during this period of synapse elimination. In addition, post-
natal brain maturation is characterised by increases in white matter myelination, which speed 
axonal conduction. These increases in white matter are particularly notable during 
adolescence, when brain circuitry is highly sensitive to social experiences (Blakemore, 2008; 
Makinodan et al., 2012). These changes in myelination are sensitive to social experience 
during adolescence in the prefrontal and orbitofrontal cortex of rodents; rodents that are 
socially isolated during adolescence display reduced prefrontal myelination and reduced 
social interactions (Makinodan et al., 2012; Liu et al., 2016).  Finally, the notion that synaptic 
delay may be more variable during development has been supported by a study reporting 
changes in the temporal properties of synaptic transmission in the Calyx of Held during 
development in mice (Fedchyshyn & Wang, 2007). 
I investigated whether altered sensory experience during development affected the timing of 
synaptic transmission in orbitofrontal cortex by measuring the latency between axonal 
stimulation and postsynaptic evoked EPSP responses. I found no difference in conduction 
velocity in response to evoked stimulation between neurons in control and developmentally 
whisker-trimmed animals. This suggested that sensory deprivation during the social sensitive 
period did not affect the timing of synaptic activity in the orbitofrontal cortex. 
In this study, I focussed on the effect of altered sensory experience on the development of 
excitatory circuitry in the orbitofrontal cortex. Multiple mechanisms have been identified as 
contributing to critical period plasticity in sensory cortex. The mechanisms underlying 
development of the “social brain” during sensitive periods of social development have not 
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been much investigated. Existing studies have pointed to changes in myelination, axonal 
remodelling and changes in dendritic spine complexity (Bell et al., 2010; Makinodan et al., 
2012). However, the precise celluar mechanisms involved have not been much explored, and 
there has been little electrophysiological investigation of how circuitry in the “social brain” 
changes during this period. Moreover, there has been no investigation into whether changes 
in inhibitory circuitry ocur in the orbitofrontal cortex during the social sensitive period. In 
sensory cortex, changes in GABAergic transmission have been proposed to play an important 
role in regulating critical period plasticity (Hensch, 2005; Kuhlman et al., 2013). It is possible 
that this is also true in “social brain” regions too. Likewise, it is possible that changes in 
sensory experience during the juvenile play period alter the maturation of inhibitory circuitry 
in the orbitofrontal cortex and other “social brain” regions. This could be explored in future 
electrophysiological studies. 
My findings suggest that changes in sensory experience do not alter the maturation of the 
social brain. However, there are limitations to the conclusions that can be drawn from my 
results. The manipulation in this experiment was relatively minor; whilst rodents underwent 
bilateral complete whisker trimming, they nonetheless received sensory input from other 
senses, and tactile input from their paws. In addition, the manipulation was only undertaken 
for a short period (two weeks). It is possible that a more extensive change to sensory 
experience would have had more of an effect on the development of the social brain. 
Likewise, it is possible that a manipulation lasting a longer period of time, or starting at an 
earlier time period, might have had a more dramatic effect. The time period selected in this 
study was chosen because it corresponds to an important period of rodent social development. 
However, connections from sensory regions to social brain regions are formed earlier in 
development, and it is possible that alterations to sensory experience must occur closer in 
time to this to change social brain circuitry. Finally, it is possible that changes in circuitry did 
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occur, but were reversed in adulthood once whiskers were returned. Indeed, 
electrophysiological investigations were undertaken more than a month after the 
manipulation was terminated. The delay between testing and electrophysiological 
experiments occurred for unavoidable reasons beyond my control, and were not an 
intentional aspect of the experimental design. However, this may have given sufficient time 
for the neural circuitry in orbitofrontal cortex to return to normal. 
I concentrated on the orbitofrontal cortex because: it is a region of the social brain that 
appears to be important for social development in the juvenile play period; it receives 
extensive sensory input; and it is highly responsive to sensory stimuli. Although changes in 
sensory experience did not alter orbitofrontal circuitry in a detectable manner, it is possible 
that other parts of the social brain are altered by abnormal sensory experience. Indeed, in one 
study, whisker trimming during early development led to increased short-term facilitation, 
reduced intrinsic excitability and altered AMPA/NMDA ratio in the hippocampus (Milshtein-
Parush et al., 2017). Likewise, a separate study found that visual deprivation and whisker 
deprivation both altered the density of parvalbumin-positive interneurons in the prefrontal 
cortex and hippocampus (Ueno et al., 2013). It is possible that this reflects regional 
differences in the effect of sensory deprvation on development. Alternatively, this may reflect 
differences in the age at which sensory deprivation was conducted; in both previous studies, 
deprivation was conducted at a younger age. 
The aim of this chapter was to investigate whether changes in sensory experience during the 
social “sensitive period” affected the development of the orbitofrontal cortex, a region that is 
part of the “social brain”. The results of this chapter indicated that tactile deprivation during 
the social “sensitive period” did not alter the development of excitatory circuitry within the 




6.1 Aim of the study 
The aims of this thesis were: 1) To investigate the role of dysfunction in the orbitofrontal 
cortex to impaired social cognition exhibited by mice carrying a genetic risk factor for 
neurodevelopmental disorders; and 2) To explore the role of sensory input in shaping social 
development and accompanying circuits involved in social cognition. 
My main findings were: 
1) Nrxn1α KO mice display disturbances of social behaviour. My findings suggest that 
Nrxn1α KO mice could be used to study the neural mechanisms underlying impaired 
social cognition (Chapter 2). 
2) Impaired social cognition in the Nrxn1α KO mouse model is accompanied by a 
reduction in short-term facilitation in layer 2/3 pyramidal neurons of the orbitofrontal 
cortex that predominantly affects local excitatory connections (Chapter 3). 
3) Removal of whisker sensory input during a sensitive window of social development 
alters social development and causes long-lasting changes in social behaviour 
(Chapter 4). 
4) Removal of whisker sensory input during a sensitive window of social development 
does not alter the maturation of excitatory circuitry in the orbitofrontal cortex 
(Chapter 5). 
In this thesis, I focused my attention on the role of the orbitofrontal cortex in social cognition. 
A number of lines of evidence suggest that this structure may be particularly important for 
social cognition. First, lesion studies in humans, non-human primates, and rodents indicate 
that damage to the orbitofrontal cortex leads to pronounced and persistent changes in social 
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behaviour (De Bruin et al., 1983; Grafman et al., 1996; Machado & Bachevalier, 2006; 
Nonneman et al., 1974). BOLD fMRI studies show that the orbitofrontal cortex is highly 
active across a range of social cognitive tasks, including tasks assessing violation of social 
normal, facial emotion recognition, sarcasm detection, and moral judgement (Bas-
Hoogendam et al., 2017; Moll et al., 2002; Uchiyama et al., 2006). Moreover, alteration in 
both structural and functional imaging have been observed in the orbitofrontal cortex across a 
number of neurodevelopmental conditions displaying social cognitive impairments, including 
autism spectrum disorders, schizophrenia, William’s syndrome, and Turner’s syndrome 
(Girgis et al., 2007; Meda et al., 2012; Mimura et al., 2010). Finally, social cognitive 
development in both humans and rodents is accompanied by grey and white matter changes 
in the orbitofrontal cortex (Olson et al., 2015; Liu et al., 2016).  
Nonetheless, few studies have examined the contribution of the orbitofrontal cortex to social 
cognition at the cellular level. In vivo single-cell electrophysiological studies in the 
orbitofrontal cortex have concentrated on non-social decision-making tasks (Schoenbaum & 
Eichenbaum, 1995a; Tremblay & Schultz, 2000). In addition, electrophysiological studies 
investigating circuit abnormalities in mouse models of neurodevelopmental disorders have 
rarely concentrated on the orbitofrontal cortex; only one previous study has recorded in 
orbitofrontal cortex (Jiang-Xie et al., 2014). 
I concentrated my investigation on excitatory circuitry in the orbitofrontal cortex. 
Disturbance of excitatory circuit development and function may be evident in the pathology 
of neurodevelopmental disorders. Indeed, post-mortem neuropathology studies reveal 
dendritic spine abnormalities in the brains of individuals with autism spectrum disorders, 
schizophrenia, and Fragile X syndrome (Garey et al., 1998; Glantz & Lewis, 2000; Harrison 
& Eastwood, 1998; Hutsler & Zhang, 2010; Irwin et al., 2001; Kolluri et al., 2005). Altered 
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glutamate levels have also been reported in these disorders (Harrison & Eastwood, 1998; 
Purcell et al., 2001; Shinohe et al., 2006). In addition, many of the genetic abnormalities that 
increase risk neurodevelopmental disorders affect excitatory circuitry (Alarcón et al., 2008; 
Arking et al., 2008; Durand et al., 2007; Fromer et al., 2014; Gauthier et al., 2009, 2010, 
2011; Jamain et al., 2003; Kim et al., 2008; Laumonnier et al., 2004; Strauss et al., 2006; 
Vaags et al., 2012). As such, excitatory dysfunction in the orbitofrontal cortex may contribute 
to impaired social cognition in neurodevelopmental disorders. Indeed, social development 
during the rodent juvenile play period is accompanied by dendritic spine changes in the 
orbitofrontal cortex (Bell et al., 2010; Bock et al., 2008). Moreover, rodents that are exposed 
to altered social experiences during this period display altered dendritic spine properties in 
the orbitofrontal cortex compared to typically developing animals (Bell et al., 2010; Bock et 
al., 2008). 
I focussed on layers 2/3 of the orbitofrontal cortex. Layers 2/3 are the main source of cortico-
cortico inputs. Orbitofrontal cortex layers 2/3 receive long-range inputs from many cortical 
regions, as well as from the amygdala, which must be integrated with local orbitofrontal 
cortical neuronal connections (Morecraft, Geula and Mesulam, 1992; Carmichael and Price, 
1995b; Rempel-Clower and Barbas, 1998). Alterations in layer 2/3 may contribute to social 
impairment in neurodevelopmental disorders. Indeed, changes in dendritic spine number or 
shape reported in autism spectrum disorders and schizophrenia were found in cortical layers 
2/3 (Glantz & Lewis, 2000; Hutsler & Zhang, 2010). In addition, recent theories of autism 
spectrum disorder and schizophrenia have proposed that these conditions are characterised by 
an altered balance of long and short-range inputs (Courchesne & Pierce, 2005).  




Social cognition has a protracted trajectory of development that extends from early infancy 
through to late adolescence and early adulthood (Choudhury et al., 2006) (see Chapter 1.2.1). 
As a result, social cognition is vulnerable to developmental insults. Brain damage acquired 
during childhood leads to particularly devastating impairments in social cognition (Ryan et 
al., 2014). Impaired social cognition is also a common feature across multiple 
neurodevelopmental disorders, including autism spectrum disorders, schizophrenia, 
William’s syndrome, Turner’s syndrome, and various other syndromic conditions (e.g. 
Prader-Willi syndrome, Angelman syndrome, Fragile X syndrome). Hence, it is vital to 
understand the factors that influence social cognitive development in health and in disease. 
6.2.1 Genetics and social cognition 
Multiple lines of evidence indicate that genetics plays an important contribution to social 
cognition. Twin studies comparing correlations in monozygotic and dizygotic twins indicate 
that multiple aspects of social cognition possess substantial heritability, and that the 
heritability of social abilities increases during development. For example, the heritability of 
prosocial behaviour increases from around 26-37% at age 2 to 51-72% at age 7 (Ariel Knafo 
& Plomin, 2006). An increase in heritability during development is also observed for 
empathy, with heritability estimates reaching 37-47% at 2-3 years (Knafo et al., 2008). 
Substantial additive genetic influences have also been observed in other facets of social 
cognitive behaviour. For instance, 32% of the variance in antisocial behaviour is accounted 
for by additive genetic influences (Rhee & Waldman, 2002). Co-operative social decision-
making is also highly heritable; 40% of the variation in performance in the ultimatum game 
(Wallace, Cesarini, Lichtenstein, & Johannesson, 2007), and 25% of variation in performance 
in dictator game is accounted for by additive genetic influences (Cesarini et al., 2009). 
The role of genetics in social cognition has been further uncovered through the exploration of 
specific genetic variants that influence social behaviour in humans (e.g. through GWA 
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studies). Such studies have uncovered a number of genetic variants that have been 
consistently associated with social performance. For example, the length of the repeat region 
in AVPR1α (the AVP receptor gene) is related to multiple aspects of social behaviour, 
including altruism in the Dictator game (Knafo et al., 2008), pair bonding (Walum et al., 
2008), the strength of social/family relationships (Bachner-Melman et al., 2005), and BOLD 
activity in the amygdala during emotion recognition tasks (Meyer-Lindenberg, 2008). Other 
genes that have been associated with social behaviour in humans include the gene encoding 
the oxytocin receptor (OXTR), the gene encoding monoamine oxidase A (MAOA) which is 
responsible for neurotransmitter degradation, and the gene encoding for the serotonin 
transporter (SLC6AF). Genetic polymorphisms in OXTR are related to altruism behaviour in 
the Dictator game (Israel et al., 2009). The low repeat allele in the promotor region of MAOA 
is associated with antisocial behaviour and heightened activity in the amygdala and 
ventromedial prefrontal cortex activity in a face recognition task (Buckholtz & Meyer-
Lindenberg, 2008). The length of a polymorphism repeat region (5HTTPLR) in the SLC6AF 
gene has been linked to BOLD activity in the amygdala in response to emotional stimuli, with 
possession of the short allele associated with heightened amygdala activation to emotional 
stimuli (Munafò, Brown, & Hariri, 2008). 
Finally, the high heritability of neurodevelopmental disorders that affect social cognitive 
development speaks to the contribution of genetics to social cognition. Progress in genetic 
techniques have led to the discovery of multiple genetic risk factors for neurodevelopmental 
disorders, including common low-risk genetic variants, rare moderate-risk copy number 
variants, and larger chromosomal deletions (Abrahams & Geschwind, 2008; Gejman, 
Sanders, & Duan, 2010). The role of such genetic risk factors on behaviour and neural 
circuitry has been explored further in genetically modified mice. These studies have provided 
further support for the role of genetics in social behaviour, with many genetically modified 
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mice displaying disrupted social behaviour (Born et al., 2015b; Bozdagi et al., 2010; Dachtler 
et al., 2014; Goorden et al., 2007; Grayton et al., 2013; Jamain et al., 2008; Katayama et al., 
2016; Moy et al., 2009; Peñagarikano et al., 2011b; Sato et al., 2012; Won et al., 2012b). The 
social phenotype displayed in these mouse models will be further described in section 6.3.1).  
In chapters 2 and 3, I investigated the behaviour and electrophysiology of mice carrying a 
homozygous microdeletion in Nrxn1α. Heterozygote microdeletions in the human form of 
this gene (NRXN1α) are risk factors for autism and schizophrenia (Kim et al., 2008; Kirov et 
al., 2009; Rujescu et al., 2009), while homozygous microdeletions in this gene cause a more 
severe Pitt-Hopkins-like syndrome (Zweier et al., 2009). I found that homozygous 
microdeletions in Nrxn1α cause profound changes in social behaviour in mice, including 
changes in sociability and aggression. My results lend further support for the role of genetics 
in social cognition. Specifically, my results provide support for a role of the NRXN1 gene in 
social cognition. These results are in agreement with previous rodent studies investigating 
microdeletions in this gene (Grayton et al., 2013; Twining et al., 2017), as well as human 
studies investigating mutations in NRXN1α; in humans, deletions in NRXN1α cause changes 
in social behaviour that are similar to those observed in rodent models, including 
disinhibition and heightened aggression (Viñas-Jornet et al., 2014). 
6.2.2 Environmental influences on social cognition 
Experience also plays a substantial role in social cognitive development. Early life 
experiences shape future attachment patterns (Belsky, Houts, & Fearon, 2010). Severe 
neglect in early life leads to difficulties with social communication similar to those seen in 
autism spectrum disorders, as well as social disinhibition (Beckett et al., 2006; O’Connor et 
al., 1999). Experience is also important for social development during adolescence, a period 
during which individuals display greater sensitivity to social situations and place greater 
emphasis on interactions with peers (Blakemore & Mills, 2014). 
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Rodent studies have provided further insights into the role of experience on social behaviour. 
These studies have revealed that social experience during a “sensitive” period of juvenile 
rodent development (P21 - P36) plays a particularly important role in shaping future social 
behaviour. Rats that are socially isolated and prevented from engaging in play during this 
period are less competent social partners in adulthood, and display a range of impairments in 
social behaviour including heightened aggression, altered social interactions and difficulties 
integrating into new cage hierarchies (Potegal & Einon, 1989; Pellis & McKenna, 1995; Hol 
et al., 1999; van den Berg et al., 1999).  
The contribution of the environment to social cognitive development is supported in my 
thesis. In chapters 4 and 5, I investigated the effect of changes in environment during the 
rodent “play” period on social development and orbitofrontal circuitry. Specifically, I 
explored the effect of tactile deprivation by whisker trimming during the “play” period on 
later social interaction. My results indicate that alterations in the sensory environment 
encountered by rats during the “play” period lead to changes in social interaction that outlast 
the sensory deprivation period. The implications of these findings are discussed further in 
section 6.2.3.1. 
In summary, genetics and environment both play an important contribution to social 
development. These influences are likely to interact (e.g. through epigenetic mechanisms). 
This complex interplay between genetic and environmental factors, together with the 
prolonged time window during which experience shapes social learning, is likely to 
contribute to the vulnerability of social cognition to insults encountered during development.  
6.2.3 “Building blocks” of social cognitive development 
Social skills develop slowly across childhood and adolescence. The trajectory of social 
cognitive development has been well-characterised (see chapter 1.2.1). Whilst some features 
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of social behaviour are present from birth (e.g. preference for looking at faces), other facets, 
such as Theory of Mind, develop more slowly.  
It is unclear to what extent social development relies on the normal acquisition of more basic 
social and non-social skills at younger ages. According to “cascade” models, simple social 
and non-social abilities (e.g. sensory perception or cognitive functions) act as a “building 
block” for the acquisition of more complex social skills. The role of development itself in 
shaping the trajectory of typical and atypical social cognition has been emphasised by 
“neuroconstructivist” accounts of neurodevelopment (Johnson et al., 2009; Karmiloff-Smith, 
1998, 2009). However, the extent to which such “cascade” model are supported 
experimentally is unclear. Indeed, other researchers have that different domains of social 
cognition may be acquired separately and argued that there is some degree of independence 
between different social domains (Happé et al., 2017). 
6.2.3.1 Sensory perception 
Multiple lines of evidence suggest that sensory perception may influence social cognitive 
development. Sensory cues such as facial expressions, body posture and movement carry 
social meaning and guide our social interactions (Clarke et al., 2005; Coulson, 2004; Ekman 
& Oster, 1979). Perceptual abilities also develop in early infancy, ahead of social cognitive 
development. In addition, many children with neurodevelopmental disorders display sensory 
symptoms that correlate with social impairment (Hilton et al., 2007; Hilton et al., 2010; Liss 
et al., 2006; Watson et al., 2011).  
In chapter 4, I investigated the effect of experiencing diminished sensory input on rodent 
social behaviour during a sensitive period of social development. I found that depriving 
rodents of whisker input during a sensitive period of social development led to changes in 
social play that persisted after the period of whisker deprivation. This result provides support 
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for the notion that sensory perception can influence social development, and indicates that 
sensory perception may act as a “building block” for social cognition. 
Multiple studies have found a positive correlation between sensory symptoms and social 
cognitive impairments (Hilton et al., 2007; Hilton et al., 2010; Liss et al., 2006; Watson et al., 
2011). Some rodent studies also provide support for this idea. For example, conditional 
expression of genetic risk factors for syndromic autism spectrum disorders restricted to 
sensory cells in the skin has been found to be sufficient to generate social impairments in 
mice (Orefice et al., 2016). Moreover, neonatal whisker trimming has been previously 
reported to reduce social approach (Soumiya et al., 2016). However, trimming whiskers from 
birth disrupts the development of whisker sensory inputs and results in compensatory changes 
in tactile function and neural circuitry. Therefore, in my experiments, I reduced whisker 
sensory input after the somatosensory system had developed. Whisker trimming has the 
further advantages that it is non-traumatic and reversible. This enabled me to reduce whisker 
sensory inputs for brief time periods. Thus, my results extend these findings by teasing apart 
the direct effects of impoverished sensory perception on the ability to engage in social 
interaction from its secondary effects on the acquisition of social behaviours itself.  
Touch may play a particularly important role in shaping social cognitive development. Touch 
is one of the first perceptual domains to develop, and is the one of the first sensory domains 
used for parent-infant communication (Barnett, 2005). In addition, individuals with 
neurodevelopmental disorders often display particularly pronounced sensory symptoms in the 
domain of touch. These somatosensory symptoms share the strongest correlation with social 
symptoms (Hilton et al., 2010). 
What role might touch play in social development? Human social touch is rewarding and 
carries affective meaning (Dunbar, 2010). This is also true in rodents; touch is the main 
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sensory domain contributing to the pleasurable properties of play (Kummer et al., 2011). 
Hence, social touch may contribute to the development social motivation. The partner-
dependent effects of whisker trimming on play that I observed in chapter 4 appear to support 
this claim. In my experiments, developmental whisker trimming did not prevent rodents from 
performing play behaviours altogether, but appeared to alter the motivation to engage in play. 
Hence, touch may play a role in shaping the motivation to interact with others. These results 
raise the interesting possibility that tactile symptoms contribute to altered sociability in 
individuals with neurodevelopmental disorders. This idea merits further investigation, but is 
supported by the relationship between somatosensory hyper-reactivity and social avoidance 
in autism spectrum disorders (Hilton et al., 2007). 
In addition, in chapter 5 I investigated the effect of whisker deprivation, and the subsequent 
effects on juvenile play development, on the development of excitatory circuitry of the 
“social brain”. Since changes in sensory experience affected the development of juvenile 
play, I hypothesised that this might be accompanied by changes in neural circuitry in the 
orbitofrontal cortex, for the following reasons: Firstly, the orbitofrontal cortex is important 
for normal rodent play behaviours, and contributes to valuation of reward (Bell et al., 2006). 
Secondly, changes in orbitofrontal excitatory circuitry accompany play development (Bell et 
al., 2010). Thirdly, the orbitofrontal cortex receives sensory input from somatosensory cortex 
(Romanksi et al., 1999). Hence, it is possible that the absence of normal input from 
somatosensory cortices could lead to changes in circuitry in the orbitofrontal cortex to 
compensate for the lack of input, such as a weakening of somatosensory inputs at the expense 
of other sensory input. 
My results indicated that whisker deprivation during the juvenile play period did not lead to 
changes in excitatory neural circuitry in the orbitofrontal cortex in adult animals. However, 
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the relationship between sensory input and activity in the orbitofrontal cortex is unknown. 
There are multiple stages of sensory processing between the barrel cortex and the 
orbitofrontal cortex; if sensory manipulations at this time period have weak effects at earlier 
stages of somatosensory processing, such as in secondary somatosensory cortex, then one 
may not expect significant changes in circuitry at the level of the orbitofrontal cortex. In 
order to explore this notion in more depth, it would be necessary to better understand the 
relationship between sensory experience and orbitofrontal cortex neural activity in vivo. For 
example, this could be explored by recording in vivo activity in the orbitofrontal cortex 
during the development of play behaviours, in animals with and without whisker deprivation. 
6.2.3.2 Non-social cognitive development 
Cognition is another domain that might influence social development. Cognitive abilities 
correlate with some social abilities, such as theory of mind. However, there have been 
questions raised with regards to direction of causality. Cognitive deficits are also observed in 
individuals with neurodevelopmental disorders, and have been proposed to play a “core” role 
in other symptoms by some researchers. 
In chapter 2, I investigated whether social cognitive impairments were accompanied by 
cognitive deficits in a genetically modified mouse line carrying a microdeletion in Nrxn1α, 
which is a risk factor for schizophrenia and autism (Kim et al., 2008; Kirov et al., 2009; 
Rujescu et al., 2009). I found that impaired social cognition was not accompanied by deficits 
in short or long-term memory, or executive function/problem-solving.  
The presence of impaired social behaviour in the absence of cognitive deficits may suggest 
that the molecular and neural mechanisms underlying social and cognitive impairments are 
partially dissociable. This is supported by some studies investigating the genetics of autism 
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spectrum disorder symptoms; these studies have indicated that separate clusters of genes may 
contribute to distinct symptoms (Ronald, Happe & Plomin, 2005; Ronald et al., 2006). 
However, some caution must be applied in drawing conclusions from these results. First, 
microdeletions in neurexin-1α have been associated with cognitive impairment; cognitive 
deficits were observed in rats carrying a homozygous mutation in Nrxn1α (Esclassan, 
Francois, Phillips, Loomis, & Gilmour, 2015), and humans carrying the microdeletion often 
display cognitive impairments and/or intellectual disability, although it is possible that this is 
mediated by other genetic or environmental factors (Stefansson et al., 2013). 
Second, apparent dissociations should be interpreted carefully, particularly in the case of 
development. Double dissociations can provide compelling evidence for two processes being 
caused by distinct mechanisms. However, dissociations are harder to interpret during 
development, since there may be heightened compensatory mechanisms, and behaviours can 
appear “spared” whilst having been acquired through non-normative routes (Karmiloff-Smith 
et al., 2003a). There are also additional issues with interpreting dissociations in rodent 
models. Rodent tasks often lack specificity in assessing behaviours or cognitive domains. 
This is particularly true for social tasks. This makes it difficult to draw any strong 
conclusions. 
6.3 Nrxn1α KO mice as a model of impaired social cognition 
Understanding the cellular and molecular mechanisms underlying impaired social cognition 
in neurodevelopmental disorders relies on having adequate animal models in which invasive 
techniques can be undertaken. This is difficult, because human social behaviours are highly 
complex, and certain features of human social cognition may be uniquely human (Rebecca 
Saxe, 2006). However, mice and rats are social species that engage in high levels of social 
interaction, suggesting that they may be used to model aspects of impaired social behaviour.  
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In chapter 2, I investigated the behavioural phenotype of Nrxn1α KO to assess their validity 
as a model of impaired social behaviour. Previous research has indicated that these mice 
display abnormal social behaviour (Grayton et al., 2013). My results replicated those of 
Grayton et al 2013 and indicated that these mice display robust impairments in social 
behaviour. 
There are a number of reasons that make Nrxn1α KO mice an interesting model for impaired 
social behaviour. First, the impaired social behaviour observed in these mice is robust. This is 
important, as altered social behaviour is not always consistently seen in mouse models of 
neurodevelopmental disorders. For example, findings with regards to social behaviour in 
Shank 1 KO mice have been inconsistent (Sungur, Schwarting, & Wöhr, 2017). In addition, 
the impairments in social behaviour observed in these mice are fairly specific: my results 
indicate that these mice do not display impaired non-social cognition.  
A third feature that makes Nrxn1α KO mice interesting is their unusual social phenotype. 
Impaired social behaviour has been reported in a number of other genetically modified mouse 
models carrying genetic risk factors for autism spectrum disorders, schizophrenia, and 
syndromic neurodevelopmental disorders. However, few mouse models display the same 
phenotype as Nrxn1α KO mice. The majority of these mouse lines display reduced sociability 
and reduced social interaction. For example, CNTNAP2 KO mice display reduced social 
interactions and reduced sociability and reduced USV calls (Peñagarikano et al., 2011c). 
Reduced social interaction and sociability has also been reported in mice carrying a 
heterozygous mutation in CDH8, TSC1 and TSC2, as well as mice carrying a homozygous 
deletion of Nrxn2 and Fmr1-/y mice (Born et al., 2015; Dachtler et al., 2014; Goorden et al., 
2007; Katayama et al., 2016; Moy et al., 2009; Sato et al., 2012). Reduced sociability has also 
been reported in Oxtr KO mice, together with social recognition deficits, and reduced USV 
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calls (Sala et al., 2011). A phenotype consisting of reduced sociability and reduced ultrasonic 
communication has also been reported in mice carrying a homozygous mutation in 
Neuroligin 4, Shank 3 heterozygote mice, and Shank 2 KO mice (Bozdagi et al., 2010; 
Jamain et al., 2008; Won et al., 2012b).  
In contrast, Nrxn1α KO mice display enhanced social approach, together with increased 
aggressive behaviour that is displayed in “inappropriate” contexts, for example, during 
interaction with juvenile mice (Grayton et al., 2013). In addition, Nrxn1α KO rats display 
impaired observational learning (Twining et al., 2017). Overall, these findings suggest that 
Nrxn1α KO mice may display a social phenotype that more closely resembles that of social 
disinhibition and impaired recognition of social cues. This phenotype appears fairly unique. 
Only one other mouse line displays a similar social phenotype to Nrxn1α KO mice; Dlgap2 
knock-out mice also possess heightened aggression and enhanced social approach (Jiang-Xie 
et al., 2014). 
This unusual phenotype suggests that the alterations in social behaviour seen in Nrxn1α KO 
mice differ from those reported in other mouse lines, and raises the possibility that Nrxn1α 
KO mice could be used to model other aspects of impaired social behaviour. This is 
important because the social cognitive impairments displayed in individuals with 
neurodevelopmental disorders are heterogeneous (see section 1.2.2.). Multiple facets of social 
cognition can be affected. Moreover, different individuals can display distinct social profiles. 
For example, whilst many children with autism spectrum disorders show reduced interest in 
social interaction, this is not the case for all children; other children make persistent attempts 
to engage in social interaction, but behave “oddly” in a manner that is off-putting to others 
(Wing & Gould, 1979). Achieving a full understanding of impaired social cognition in 
neurodevelopmental disorders requires modelling different facets of altered social behaviour, 
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and finding appropriate models to represent distinct subgroups of individuals. This will help 
to clarify whether differences in behavioural phenotype reflect distinct cellular and molecular 
aetiologies. 
How valid is the Nrxn1α KO mouse line as a model of neurodevelopmental disease? The 
phenotype displayed by Nrxn1α KO mice suggests that they possess good face validity in the 
domain of altered social behaviour, since they display impaired social behaviour. In addition, 
the social phenotype of these mice appears similar to that observed in patients carrying the 
equivalent microdeletion (Viñas-Jornet et al., 2014). Moreover, the model possesses good 
construct validity, in that the mice carry a microdeletion that is similar to the one observed in 
patients. However, the mouse carries a homozygous microdeletion whereas the humans carry 
a heterozygous microdeletion. Therefore, there are also limits to the construct validity. The 
heterozygous mice do not display any behavioural phenotype. This may reflect fundamental 
differences between mice and humans. 
The best way to determine the validity of mouse models is by evaluating predictive validity 
i.e. do the mice respond in predictable ways to treatment? This is difficult to do in the context 
of social cognition because there are few treatments for impaired social cognition. 
Nonetheless, it would be of interest to determine whether the Nrxn1α KO mice display a 
similar response to medication compared to patient subgroups. This would help to clarify 
whether Nrxn1α KO mice display behavioural and cellular changes that are representative of 
individuals with impaired social behaviour above and beyond those carrying the equivalent 





6.4 Short-term facilitation and social cognition 
6.4.1 Short-term facilitation in the orbitofrontal cortex 
The postsynaptic response to repeated stimulation of a synaptic input is not constant. An 
increase in the postsynaptic response is called facilitation whereas a decrease is termed 
synaptic depression (Zucker, 1989).  The totality of the changes to the postsynaptic response 
during a train of stimuli may be referred to as either short-term synaptic dynamics or short-
term synaptic plasticity. For instance, synaptic responses may facilitate early in a stimulus 
train, but then depress. The short-term dynamics of synaptic responses in neocortical 
pyramidal neurons are not fixed, but are themselves plastic (metaplasticity) and are modified 
by sensory experience (Cheetham et al., 2007; Finnerty et al., 1999).  
In chapter 3 and 5, I investigated the short-term dynamics of orbitofrontal pyramidal layer 2/3 
neurons. This is the first study examining the short-term dynamics of excitatory synapses in 
orbitofrontal cortex brain slices. I observed frequency-dependent short-term facilitation in the 
orbitofrontal cortex in response to local layer 2/3 stimulation in both rats and mice. At lower 
frequency stimulation (e.g. 10, 20 Hz), excitatory post-synaptic potentials in response to a 
pulse train displayed initial paired-pulse facilitation, followed by a decrement in the size of 
the EPSP. At higher frequency stimulation (40 Hz), EPSPs displayed persistent facilitation 
across the whole pulse train. This contrasts with findings from layer 2/3 in sensory cortex 
(Cheetham et al., 2007), but is similar to reports in other parts of the prefrontal cortex, which 
display considerable synaptic facilitation (Wang et al., 2006). Hence, like prefrontal cortical 
pyramidal neurons, orbitofrontal pyramidal neurons display prominent short-term facilitation. 
6.4.2 Properties of prelimbic inputs to the orbitofrontal cortex 
Neurons receive both short-range input from local neurons in the microcircuit, and long-
range inputs from neurons in other brain regions. How post-synaptic neurons integrate local 
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and long-range inputs remains understudied. However, an imbalance in the integration of 
local and long-range inputs has been proposed as a cause of some neurodevelopmental 
disorders, such as autism spectrum disorders, and schizophrenia (Courchesne & Pierce, 2005; 
Geschwind & Flint, 2015). 
The orbitofrontal cortex receives long-range inputs from a wide range of brain regions, 
including secondary sensory association areas, limbic and temporal regions, the 
thalamus/hypothalamus and other parts of the prefrontal cortex (see section 1.4.2.). How 
these various inputs are combined with local neuronal activity to enable the orbitofrontal 
cortex to perform computations for social cognition is unclear.  
In chapter 3, I examined the properties of long-range inputs from prelimbic cortex onto 
orbitofrontal neurons. I found that, as with stimulation of short-range inputs, minimal 
stimulation of long-range inputs from the prelimbic cortex elicited excitatory post-synaptic 
responses that displayed a combination of facilitation and depression. Although not 
statistically significantly different, excitatory postsynaptic responses evoked by prelimbic 
stimulation appeared to evoke less prominent short-term facilitation than those evoked by 
local stimulation. 
This is the first study to examine the electrophysiological properties of prelimbic inputs onto 
the orbitofrontal cortex. A small number of in vivo and in vitro electrophysiological studies 
have investigated the effects of stimulation of long-range inputs on post-synaptic potentials in 
the prefrontal cortex (Klavir, Prigge, Sarel, Paz, & Yizhar, 2017; Orozco-Cabal et al., 2006; 
Thierry et al., 2000). In some cases, this has included study of short-term synaptic dynamics. 
For example, a single-cell extracellular in vivo study in rats found that around 50% of cells in 
the prelimbic cortex and medial orbitofrontal cortex displayed paired-pulse facilitation in 
response to hippocampal stimulation (Thierry et al., 2000). In contrast, a separate in vivo 
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study using optogenetics reported short-term depression of responses in the prelimbic cortex 
after high frequency stimulation of inputs from the basolateral amygdala, which facilitate fear 
extinction (Klavir et al., 2017). However, these studies did not examine the dynamics of post-
synaptic responses during longer stimulus trains. In addition, these studies did not directly 
compare the properties of synapses forming local connections with those of long-distance 
inputs originating from different brain regions.  
My results provide preliminary evidence that the short-term dynamics of synapses differs as a 
function of the pathway in the orbitofrontal cortex. Specifically, local connections appear to 
display more prominent short-term facilitation. It would be of interest to assess the short-term 
dynamics of other sources of long-range input onto the orbitofrontal cortex and determine 
whether these inputs display comparable dynamics. The notion that long-range inputs display 
less short-term facilitation than local inputs is supported by studies in the prefrontal cortex 
indicating that amygdala inputs to the prefrontal cortex exhibit a greater tendency towards 
short-term depression than facilitation (Klavir et al., 2017). 
6.4.3 Short-term dynamics of short and long-range inputs in a mouse model of 
autism and schizophrenia 
Multiple lines of evidence indicate that autism and schizophrenia are characterised by 
synaptic dysfunction. A number of studies have reported changes in the number of dendritic 
spines in the brains of individuals with autism and schizophrenia, as well as changes in 
expression of synaptic proteins and in glutamate levels (Aldred, Moore, Fitzgerald, & 
Waring, 2003a; Harrison & Eastwood, 1998; Purcell, Jeon, Zimmerman, Blue, & Pevsner, 
2001b; Shinohe et al., 2006). Many of the genes implicated in the aetiology of autism and 
schizophrenia are genes involved in synapse formation and function (Alarcón et al., 2008; 
Arking et al., 2008; Costas, 2015; Durand et al., 2007b; Fromer et al., 2014; Gauthier et al., 
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2009, 2010, 2011; Jamain et al., 2003; Kim et al., 2008; Kirov et al., 2009; Laumonnier et al., 
2004; Peykov et al., 2015; Rujescu et al., 2009; Strauss et al., 2006; Vaags et al., 2012).  
A few different accounts of the deficits in synaptic function that may contribute to 
schizophrenia and autism have been proposed. One suggestion is that these conditions are 
characterised by excitatory-inhibitory imbalance (Rubenstein & Merzenich, 2003). Others 
have focussed more specifically on synapse number; some have suggested that these 
conditions are characterised by an excess, and reduction in the number of synapses in autism 
and schizophrenia respectively (Courchesne & Pierce, 2005). One recent theory of synaptic 
dysfunction in autism and schizophrenia proposes that these conditions are caused by an 
imbalance in local and long-range connectivity. Specifically, researchers have suggested that 
autism spectrum disorder is caused by overconnectivity of local circuits at the expense of 
long-range connectivity (Courchesne & Pierce, 2005). This idea has been explored through 
human neuroimaging studies. A number of neuroimaging studies have provided evidence 
consistent with this theory, with reports of reduced functional connectivity between brain 
regions and white matter tract abnormalities (Frazier & Hardan, 2009; Just et al., 2004; Kana 
et al., 2007; Koshino et al., 2005; Villalobos et al., 2005; Welchew et al., 2005). However, 
human neuroimaging studies lack the resolution to investigate local connectivity directly, and 
therefore, are limited in their ability to test this theory.  
In chapter 3, I investigated the proposal that neurodevelopmental disorders are characterised 
by imbalances in local and long-range connectivity. I examined the effect of stimulation of 
local and long-range inputs from prelimbic cortex onto orbitofrontal cortex in mice carrying a 
homozygous microdeletion in Nrxn1α, a genetic risk factor for autism and schizophrenia. I 
found that Nrxn1α KO mice display reduced short-term facilitation of excitatory post-
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synaptic responses in both local and long-range pathways, in the absence of other deficits in 
excitatory synaptic transmission.  
My findings indicate that deficits in short-term facilitation may contribute to the 
pathophysiology of autism and schizophrenia in at least some individuals. Studies of other 
genetically modified mouse models also provide support for this claim. Deficits in short-term 
facilitation have been observed in a number of mouse models carrying genetic risk factors for 
schizophrenia (see Crabtree & Gogos, 2014 for review).  Mice carrying the 22q11.2 
microdeletion, which accounts for 1-2% of sporadic schizophrenia, display impaired short-
term facilitation at synapses from hippocampus onto layer 5 medial prefrontal cortex 
synapses (Drew et al., 2011). Mice carrying DISC1 mutation that recapitulates the 
consequences of the human chromosomal translocation have reduced paired-pulse facilitation 
at mossy fibre inputs onto CA3 neurons (Kvajo et al., 2011a). A shift from short-term 
facilitation towards short-term depression has also been reported in MeCP2 null mice 
(Moretti & Zoghbi, 2006; Weng, McLeod, Bailey, & Cobb, 2011). In humans, mutations in 
MeCP2 cause most cases of Rett syndrome. Hence, it is possible that impaired short-term 
facilitation contributes to the pathophysiology of certain neurodevelopmental disorders. 
However, this is unlikely to be the only contributing factor. Other impairments in synapse 
function, development and neuronal migration have also been observed in mouse models of 
neurodevelopmental disorders. The pathophysiology of abnormal neurodevelopment is likely 
to be complex and vary across individuals according to their unique genetic and 
environmental aetiology. 
My findings support the notion that excitatory synaptic function is impaired in 
neurodevelopmental disorders. However, my results do not support the theory that there is an 
excess of local connectivity at the expense of long-range connectivity. Instead, my results 
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suggest that both long-range and local connections are abnormal. This is consistent with more 
recent neuroimaging studies of autism spectrum disorders that report reduced functional 
connectivity in both long and short-range pathways (Khan et al., 2013). The finding that local 
stimulation evoked more short-term facilitation than long-range stimulation suggests that if 
anything, the balance of responses is shifted towards long-range inputs in Nrxn1α KO mice. 
The pathway-dependency of synaptic changes has been investigated in small number of other 
rodent models of neurodevelopmental disorders. In one study, knock-down of Mef2c in a 
sparse population of somatosensory neurons led to reduced local synaptic connectivity and 
enhanced excitatory input from contralateral somatosensory cortex (Rajkovich et al., 2017). It 
is important to note that neurodevelopmental disorders such as autism spectrum disorders are 
heterogeneous conditions, both in terms of aetiology and symptoms. As such, it is highly 
possible that the nature of the circuit disruptions varies across individuals. Multiple circuit 
abnormalities may lead to similar behavioural outcomes.  
The original hypotheses of long and short-range abnormalities concentrated on the idea of 
hyper- and hypo-connectivity i.e. overproduction or underproduction of synapses 
(Courchesne & Pierce, 2005). However, there are other ways in which the connections 
between neurons can be altered functionally, including changes in synaptic strength, timing 
and dynamics. In this study, no evidence was found for hyper- or hypo-connectivity of short 
or long-range projections, as both mini frequency, and evoked EPSP amplitude were similar 
in Nrxn1α WT and KO mice. Instead, changes were found in the short-term dynamics of 
excitatory responses. This highlights the point that pathway abnormalities do not necessarily 
involve changes in synapse number, and that other aspects of synaptic transmission should be 
studied. It is important to note that imaging studies possess limited ability to delve into the 
nature of abnormalities in neuronal circuitry.  
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Finally, my findings may provide some insights into why circuit abnormalities in 
neurodevelopmental disorders may be more pronounced in some circuits than others; even if 
gene abnormalities affect all brain regions, the differing properties of particular circuit 
pathways may make them more vulnerable to particular genetic abnormalities. In the case of 
Nrxn1α KO mice, circuits or synapses that display more short-term facilitation are more 
likely to be affected by the microdeletion. 
6.4.4 Short-term facilitation in neural circuits 
How might impaired short-term dynamics contribute to changes in behaviour seen in 
neurodevelopmental disorders? One way to begin to address this is to consider the effects of 
short-term dynamics on neural activity. 
The short-term synaptic dynamics carry information about the recent history of synaptic 
activity on a pathway. The short-term synaptic dynamics give prominence to aspects of the 
temporal information in the firing pattern of the presynaptic neuron (Fortune & Rose, 2002; 
Fuhrmann et al., 2002). Electrophysiological experiments combined with computer 
simulations indicate that short-term depression accounts for low-pass filtering (Chance, 
Nelson, & Abbott, 1998; Rose & Fortune, 1999) and detection of changes in the rate of input 
firing (Abbott, Varela, Sen, & Nelson, 1997). In contrast, facilitating synapses act as high-
pass filters that preferentially transmit information from burst firing neurons (Lisman, 1997; 
Wang, 1999). This burst activity is seen in multiple cortical areas (Connors & Gutnick, 1990; 
Gray & McCormick, 1996) but is particularly observed in frontal regions (Degenetais, 
Thierry, Glowinski, & Gioanni, 2002), and can be elicited by neuromodulator release. For 
example, acetylcholine promotes burst firing in thalamic reticular neurons (McCormick & 
Prince, 1986). Therefore, loss of short-term facilitation may reduce responsivity to 
neuromodulators and to burst firing. The combination of short-term depression and 
facilitation at different frequencies enables low-frequency stimulation to be properly 
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processed in the presence of high frequency ‘noise’ whilst also enabling higher frequency 
bursts to be processed. Hence, these dynamics may enable better signal-to-noise 
differentiation (Fortune & Rose, 2002). 
In addition, short-term dynamics have been proposed to play a role in temporal processing, 
and in controlling the timing of neural responses. Computer simulations indicate that short-
term changes in the strength of EPSPs and IPSPs can be used to detect temporal features of 
stimuli, such as their duration and order in a sequence. Moreover, short-term synaptic 
plasticity can evoke changes in the phase of post-synaptic responses (Chance et al., 1998; 
McDonnell & Graham, 2017). Specifically, short-term depression shifts the peak amplitude 
phase of responses forward, whereas short-term facilitation shifts the peak phase amplitude 
backwards. It has been suggested that changes in timing caused by short-term dynamics could 
be enough to compensate for synaptic transmission delays (McDonnell & Graham, 2017). 
Finally, there is evidence to suggest that short-term dynamics play a role in controlling the 
balance of excitatory and inhibitory activity. In rat neocortex, sustained high-frequency 
stimulation in vivo leads to stronger depression in excitatory synapses than inhibitory 
synapses. The relative impact of inhibitory synapses increases at higher-frequency 
stimulation. Hence, differences in the synaptic dynamics at excitatory and inhibitory synapses 
may contribute to controlling and adjusting excitatory-inhibitory balance (Galarreta & 
Hestrin, 1998). 
6.4.5 The role of short-term facilitation on behaviour 
The roles of short-term facilitation at the behavioural level remain unclear. One theory 
proposes that short-term facilitation plays a role in working memory (Mongillo et al., 2008). 
According to the synaptic theory of working memory, increased residual calcium at pre-
synaptic terminals enables memories to be transiently held in the absence of delay period 
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sustained activity by facilitating memory reactivation at these synapses. This has been 
proposed as an alternative to accounts of working memory that suggest that persistent 
increases in neuronal firing across a delay period resulting from intrinsic characteristics or 
reverberative activity maintains working memory (Xiao-Jing Wang, 2001). Maintenance of 
memory by short-term facilitation has been suggested to account for the fact that increases in 
firing in single neurons are not always persistent across the whole delay period (Rainer & 
Miller, 2002). The fact that short-term facilitation is particularly prominent in prefrontal 
cortical neurons, which are thought to be critical for working memory, has been taken as 
indirect support for this theory (Thomson, 1997; Wang et al., 2006). Simulation studies 
indicate that short-term facilitation could act to stabilise working memory traces (Itskov, 
Hansel, & Tsodyks, 2011). 
However, direct support for this theory is lacking. There are some reports of genetic mutant 
mouse lines displaying both impaired short-term facilitation in the prefrontal cortex, and 
cognitive deficits including impaired working memory. For example, mice carrying a 
mutation in DISC-1, a risk factor for schizophrenia, display both reduced paired-pulse 
facilitation and cognitive deficits, although these have not always been replicated (Kvajo et 
al., 2008; Kvajo et al., 2011b; Nilsson et al., 2016) In addition, dysbindin mutant mice and 
Dcgr8 heterozygous mutant mice display reduced paired-pulse facilitation and working 
memory deficits (Fénelon et al., 2011b; Jentsch et al., 2009). Nonetheless, other mouse lines 
carrying risk factors for neurodevelopmental disorders have displayed deficits in short-term 
facilitation in the absence of working memory deficits (Born et al., 2015b). 
In this thesis, mice carrying a homozygous deletion in Nrxn1α, a risk factor for numerous 
neurodevelopmental disorders, displayed impaired facilitation but no deficits in cognition. 
This corroborates previous behavioural investigations of this mouse line (Grayton et al., 
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2013). Hence, my results do not support the theory that short-term synaptic facilitation is 
central to working memory. Other mechanisms such as recurrent reverberating activity or 
intrinsic persistent firing may be sufficient to maintain working memory. 
Instead, the findings from my thesis suggest a role of short-term synaptic facilitation in 
regulating components of social behaviour. Whilst a specific role in social behaviour has not 
been previously proposed, a number of recent studies indicate that short-term facilitation may 
be required for intact social behaviour. Orexin/ataxin-3-transgenic (AT) mice display both 
deficits in long-term social memory and reduced hippocampal paired-pulse facilitation (Yang 
et al 2013). Nrxn1α KO rats display reduced paired-pulse facilitation in the medial amygdala, 
together with social fear learning deficits (Twining et al., 2017). Multiple other genetic 
mutant lines carrying risk factors for neurodevelopmental disorders display both reduced 
facilitation and impaired social behaviours (Crabtree & Gogos, 2014; Born et al., 2015).  
Why might impaired short-term facilitation particularly affect social behaviour? One possible 
reason is that some of the brain regions that display most pronounced short-term facilitation 
play a role in social behaviour. Indeed, short-term facilitation is particularly pronounced in 
the prefrontal cortex (Wang et al., 2006), and my results indicate that this is also true in the 
orbitofrontal cortex. Since the prefrontal and orbitofrontal cortex display pronounced 
facilitation, functions subserved by these regions, such as social cognition, may be 
particularly affected by deficits in facilitation. Neuromodulatory influences may also be a 
factor contributing to the susceptibility of social cognition to impairments in short-term 
facilitation. Neuromodulators can alter the short-term dynamics of synapses. The prefrontal 
and orbitofrontal cortex receive very dense neuromodulatory input. These neuromodulators 
have also been linked to social cognition.  
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The orbitofrontal cortex receives projections from diverse brain regions. These long-range 
inputs are important for social functions of the orbitofrontal cortex and must be adequately 
integrated with local input. Since short-term facilitation plays a role in information filtering 
and temporal processing of neural activity, it is possible that impaired short-term facilitation 
disrupts integration of local and long-range inputs in the orbitofrontal cortex. We do not 
know how the orbitofrontal cortex integrates local and long-range inputs in the healthy brain. 
This should be explored in order to understand how reduced facilitation might affect 
integration of inputs in the orbitofrontal cortex. This could be examined by injecting 
retrogradely transported viruses that carry a payload encoding Channelrhodopsin into the 
orbitofrontal cortex to enable light-activated stimulation of distinct inputs. 
6.4.6 Short-term facilitation during development 
The synaptic dynamics present at synapses changes across development. A number of studies 
indicate that short-term facilitation emerges during post-natal development of neural 
circuitry. In rat sensorimotor cortex, excitatory synapses exhibit a “developmental switch” in 
short-term dynamics; pyramidal neurons display a greater tendency towards short-term 
depression at P14, which switches to weak facilitation at P28 (Reyes & Sakmann, 1999). A 
similar switch has been observed in layer 5 prefrontal cortical neurons, which exhibit paired-
pulse depression at P7 that turns into paired-pulse facilitation by P21 (Zhang, 2003). 
A similar developmental switch may occur in the orbitofrontal cortex. However, the 
developmental profile of short-term synaptic dynamics has not yet been investigated in the 
orbitofrontal cortex. Rodent studies indicate that post-natal maturation of the orbitofrontal 
cortex supports social cognitive development (Bell et al., 2010a). It is possible that changes 
in short-term synaptic dynamics are one of the mechanisms by which the orbitofrontal cortex 
supports social cognitive development. Future electrophysiological research should 
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concentrate on characterising the changes in excitatory and inhibitory circuitry that occur in 
the orbitofrontal cortex during sensitive periods of social development. 
6.5 Conclusions 
The objective of this thesis was to investigate the factors contributing to abnormal social 
behaviour in neurodevelopmental disorders, and to explore the role of excitatory circuitry in 
the orbitofrontal cortex in these abnormal social behaviours. My results indicated that social 
impairments in the Nrxn1α mouse model of autism and schizophrenia are accompanied by a 
deficit in short-term facilitation in layer 2/3 pyramidal orbitofrontal neurons. This deficit in 
short-term facilitation affects both local and long-range circuitry, and may impair integration 
of inputs in the orbitofrontal cortex. This result indicates that altered excitatory circuitry in 
the orbitofrontal cortex may contribute to social symptoms in neurodevelopmental disorders, 
and suggests a role of short-term facilitation in social cognition.  
In addition, I found that experiencing diminished somatosensory input during a sensitive 
period of social development led to long-lasting changes in social behaviour in rodents that 
were not accompanied by altered excitatory circuitry in the orbitofrontal cortex. These results 
suggest that abnormalities in sensory perception may contribute to deficits in social cognition 
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Tables of means ± sem for behavioural tasks in Chapter 2. 
6.5.1 Open Field  
 
Table 8: Mean ± sem distance explored in open field 
Group Male Female 
WT 6445 ± 322 cm 6300 ± 290 cm 
HET 6202 ± 228 cm 6402 ± 266 cm 
KO 5415 ± 18 cm 5540 ± 28 cm 
 
Table 9: Mean ± sem time in centre of open field 
Group Male Female 
WT 74.60 ± 4.90 s 89.69 ± 6.10 s 
HET 82.70 ± 6.65 s 88.98 ± 5.31 s 
KO 63.80 ± 5.58 s 50.13 ± 4.12 s 
 
Table 10: Mean ± sem number of entries into centre of open field 
Group Male Female 
WT 75.64 ± 4.61 79 ± 3.64 
HET 79.90 ± 3.31 76.79 ± 4.71 
KO 54.78 ± 3.39 46.21 ± 2.92 
6.5.2 3-Chamber Social Approach 
Table 11: Mean ± sem distance covered in trial 1 of 3-chamber 
Group Distance covered 
(cm) 
WT M 4928 ± 119 cm 
WT F 5219 ± 137 cm 
HET M 4991 ± 103 cm 
HET F 5150 ± 175 cm 
KO M 4311 ± 85 cm 




Table 12: Mean ± sem time in each chamber in trial 2 of 3-chamber 
Group Social Chamber Middle Chamber Non-social 
Chamber 
WT M 259 ± 19 s 15 ± 3 s 164 ± 9 s 
WT F 310 ± 14 s 22 ± 2 s 128 ± 12 s 
HET M 271 ± 18 s 23 ± 3 s 157 ± 8 s 
HET F 322 ± 14 s 25 ± 2 s 134 ± 9 s 
KO M 346 ± 16 s 28 ± 3 s 126 ± 7 s 
KO F 361 ± 23 s 26 ± 3 s 130 ± 13 s 
 
Table 13: Mean ± sem time in each chamber in trial 3 of 3-chamber 
Group Familiar Chamber Middle Chamber Novel Chamber 
WT M 186 ± 16 s 10 ± 3 s 256 ± 16 s 
WT F 132 ± 10 s 29 ± 4 s 258 ± 22 s 
HET M 210 ± 13 s 15 ± 2 s 217 ± 10 s 
HET F 151 ± 13 s 30 ± 4 s 250 ± 17 s 
KO M 224 ± 14 s 28 ± 3 s 233 ± 11 s 
KO F 147 ± 18 s 38 ± 7 s 301 ± 18 s 
6.5.3 Novel Object Discrimination 
 
Table 14: Mean ± sem object exploration in trial 1 of novel object task 
Group Time investigating objects 
(s) 
Number of object 
investigations 
WT M 84 ± 5 s 92 ± 2 
WT F 84 ± 8 s 96 ± 6 
HET M 101 ± 6 s 98 ± 3 
HET F 92 ± 4 s 108 ± 4 
KO M 78 ± 3 s 85 ± 3  
KO F 73 ± 5 s 97 ± 4 
 
Table 15: Mean ± sem novelty discrimination in trial 2 of novel object task 
Group % novelty 
preference at 2 mins 
% novelty 
preference at 5 mins 
% novelty 
preference at 10 
mins 
WT M 61 ± 4 % 55 ± 2 % 57 ± 1 % 
WT F 57 ± 3 % 53 ± 4 % 48 ± 2 % 
HET M 61 ± 4 % 52 ± 2 % 51 ± 2 % 
HET F 52 ± 3 % 51 ± 3 % 50 ± 2 % 
KO M 54 ± 4 % 51 ± 2 % 49 ± 4 % 
KO F 59 ± 6 % 57 ± 4 % 52 ± 4 % 
400 
 
6.5.4 Spontaneous Y Maze Spatial Novelty Discrimination 
 
Table 16: Mean ± sem novelty preference in trial 2 of spontaneous Y maze spatial novelty 
discrimination task 
Group % novelty preference  
WT M 64 ± 3 % 
WT F 57 ± 7 % 
HET M 62 ± 3 % 
HET F 68 ± 1 % 
KO M 63 ± 5 % 
KO F 58 ± 6 % 
6.5.5 Morris Water Maze 
Spatial learning  
Table 17: Mean ± sem path length in Morris water maze 
Group Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 




183 ± 35 
cm 
351 ± 57 
cm 
294 ± 51 
cm 
270 ± 52 149 ± 21 
cm 
WT F 494 ± 
102 cm  
244 ± 
34 cm 
264 ± 52 
cm 
195 ± 38 
cm 
181 ± 19 
cm 
193 ± 32 
cm 
186 ± 25 
cm 




239 ± 23 
cm 
325 ± 84 
cm 
235 ± 41 
cm 
195 ± 56 
cm 
109 ± 11 
cm 




199 ± 40 
cm 
197 ± 35 
cm 
117 ± 36 
cm 
201 ± 33 
cm 
182 ± 47 
cm 


















296 ± 43 
cm 
178 ± 25 
cm 
120 ± 19 
cm 
152 ± 20 
cm 
158 ± 35 
cm  
 
Table 18: Mean ± sem time (s) in quadrant during probe trial in Morris water maze 
Group Left Opposite Right Target 
WT M 13 ± 1 s 11 ± 2 s 12 ± 2 s 18 ± 2 s 
WT F 13 ± 1 12 ± 1 s 13 ± 1 s 17 ± 2 
HET M 12 ± 1 s 10 ± 1 s 12 ± 1 s 21 ± 2 
HET F 10 ± 2 s 12 ± 3 s 14 ± 2 s 20 ± 2 s 
KO M 12 ± 2 s 9 ± 2 s 12 ± 1 s 21 ± 1 s 






Table 19: Mean ± sem path length in reversed Morris water maze 
Group Day 1 Day 2 Day 3 Day 4 Day 5 
WT M 411 ± 89 cm 358 ± 83 cm 350 ± 66 cm 194 ± 39 cm 247 ± 91 cm 
WT F 405 ± 69 cm 385 ± 52 cm 324 ± 48 cm 208 ± 43 cm 288 ± 49 cm 
HET M 639 ± 89 cm  402 ± 39 cm 236 ± 40 cm 238 ± 54 cm 174 ± 40 cm 
HET F 487 ± 103 cm 504 ± 135 cm 278 ± 53 cm 211 ± 15 cm 152 ± 25 cm 
KO M 558 ± 80 cm 450 ± 56 cm 323 ± 101 cm 251 ± 52 cm 171 ± 24 cm 
KO F 504 ± 75 cm 314 ± 29 cm 307 ± 49 cm 215 ± 45 cm 164 ± 25 cm 
 
Table 20: Mean ± sem time in quadrant in probe trial in reversed Morris water maze 
Group Left Opposite Right Target 
WT M 10 ± 1 s 20 ± 2 s 15 ± 8 s 9 ± 1 s 
WT F 11 ± 1 s 18 ± 2 s 19 ± 2 s 9 ± 1 s 
HET M 11 ± 2 s 17 ± 1 s 15 ± 1 s 9 ± 1 s 
HET F 11 ± 2 s 23 ± 2 s 13 ± 2 s 9 ± 2 s 
KO M 10 ± 1 s 22 ± 2 s 16 ± 2 s 8 ± 2 s 
KO F 10 ± 1 s 20 ± 1 s 16 ± 2 s 10 ± 1 s 
Puzzle Box 
Table 21: Mean latency to “goal” box on day 1 of puzzle box 
Group Tr1 - Open Underpass 1 Underpass 2 Underpass 3 
WT M 14 ± 1 s 18 ± 6 s 26 ± 4 s 41 ± 4 s 
WT F 19 ± 5 s 38 ± 16 s 19 ± 6 s 41 ± 14 s 
HET M 26 ± 7 s 16 ± 4 s 29 ± 6 s 30 ± 6 s 
HET F 17±5 s 9 ± 2 s 14 ± 3 s 23 ± 9 s 
KO M 24 ± 3 s 16 ± 3 s 12 ± 5 s 15 ± 4 s 
KO F 20 ± 3 s 15 ± 4 s 9 ± 1 s 19 ± 8 s 
 
Table 22: Mean latency (s) to “goal” box on day 2 of puzzle box 
Group Tr1 – 
Sawdust1 
Sawdust1 1 Sawdust1 2 Sawdust1 3 
WT M 10 ± 3 s 42 ± 15 s 76 ± 21 s 126 ± 23 s 
WT F 14 ± 3 s 62 ± 18 s 71 ± 16 s 96 ± 12 s 
HET M 23 ± 11 s 48 ± 11 s 78 ± 16 s 19 ± 14 s 
HET F 17 ± 7 s 45 ± 7 s 36 ± 11 s 46 ± 11 s 
KO M 10 ± 1 s 51 ± 13 s 21 ± 7 s 28 ± 7 s 




Table 23: Mean latency to “goal” box on day 3 of puzzle box 
Group Tr1 – 
Sawdust1 
Sawdust2 1 Sawdust2 2 Sawdust2 3 
WT M 131 ± 20 s 97 ± 27 s 100 ± 5 s 108 ± 16 s 
WT F 74 ± 25 s 100 ± 18 s 120 ± 20 s 142 ± 18 s 
HET M 120 ± 19 s 113 ± 16 s 108 ± 14 s 103 ± 15 s 
HET F 59 ± 21 s 66 ± 18 s 91 ± 16 s 96 ± 13 s 
KO M 26 ± 9 s 44 ± 13 s 42 ± 11 s 62 ± 18 s 
KO F 16 ± 5 s 30 ± 12 s 29 ± 9 s 56 ± 11 s 
 
Table 24: Mean latency to “goal” box on day 4 & 5 of puzzle box 
Group Tr1 – 
Sawdust2 
Plug 1 Plug 2 Plug 3 Plug 4 Day 5 - 
Plug 
WT M 136 ± 28 s 118 ± 20 s 63 ± 9 s 94 ± 17 s 119 ± 19 s 172 ± 7 s 
WT F 147 ± 19 s 141 ± 20 s 137 ± 15 s 160 ± 10 s 177 ± 3 s 174 ± 6 s 
HET M 161 ± 9 s 126 ± 15 s 79 ± 13 s 110 ± 14 s 128 ± 16 s 149 ± 12 s 
HET F 115 ± 18 s 135 ± 13 s 104 ± 17 s 103 ± 15 s 133 ± 15 s 156 ± 12 s 
KO M 98 ± 22 s 83 ± 21 s 39 ± 8 s 43 ± 16 s 41 ± 10 s 121 ± 19 s 






Additional means ± sem from behavioural tasks in chapter 4. 
6.5.6 Olfactory habituation-dishabituation task 
 
Table 25: Mean ± sem duration of sniffing across trials in the olfactory habituation-
dishabituation task in sham and trim rats. 
Trials consist of: water trial 1 (W1), water trial 2 (W2), water trial 3 (WR), banana trial 1 (B1), banana 
trial 2 (B2), banana trial 3 (B3), almond trial 1 (A1), almond trial 2 (A2), almond trial 3 (A3), social odour 
trial 1 (S1), social odour trial 2 (S2), social odour trial 3 (S3), new social odour trial 1 (NS1), new social 




W1 W2 W3 B1 B2 B3 A1 A2 A3 S1 S2 S3 NS1 NS2 NS3 
Sham 15±4 8±2 15±3 16±3 6±2 7±3 15±4 6±1 6±2 10±2 8±2 7±3 10±2 9±5 3±1 
Trim 14±3 7±2 6±2 12±2 7±3 8±2 14±2 8±3 10±4 17±4 13±4 6±2 10±4 10±4 4±2 
 
 
